General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA CONTRACTOR REPORT 3 66513 



Risk Estimates for CO Exposure in Man 
Based on Behavioral and Physiological 
Responses in Rodents 


M. K. Gross 


(NASA-CH- 16bt> li) RISK E6T1HA1ES FOB Lu 
E1F03UBR IN ttAM BASED ON BEHAVIORAL ANO 
PHYSIOLOGICAL RESPONSES IN BCLENTS (SdM Jose 
State Uiiiv., Cdlii.) 13b t HC A07/HF iiJ I 

CScii JbC G3/53 


N8J-32302 


Uncias 

13330 


GRANT NCC2-4 
December 1983 





NASA CONTRACTOR REPORT 


I 00 S I S 


Risk I'siinutos tor I'O I'xpv^suro In Matt 
Hasivl v>n Uoltavtoral arul IMivs to ioR U a 1 
Uo spoils os in Uoklonts 


Marv Kii til loon llross 

San iU'so .Stato Univorsitv 

San Soso, Talitornia 


Proparoil tor 

Amos Uoso.iroh Tontor 

inulor I'.rant NiV.' 1 


IW>SA 

National At>i on, iuIk'S* ,uh 1 
Sl\us> AOminiiili.itu'n 

Aitkm RMMrch Cantor 

MoIttM! t t'Kl >.\iittvMnia SAO.i:' 



CmMWL PtM w 
Of POOR 0»»ft* ITY 


ACKNOWLEDGEMENTS 


ill 


I am IndahttiNl to my parenti for rhalr unflagging support and confi- 
danca in CHa ^rightnaas' of anything t ohoosa to do. Hy thanks to Dr. 

Poto Ballard and Will Winslow, for thair anthusias«i friondshlp, and 
inspirad guidance throughout the course of this rasaarch. T am grata- 
ful to Or. Domanick Cagliostro, Dr. Dan Holley, and Dr. fmil Andrlcse 
tor conatructiva input at various stages of this work, and to Meg Cross 
for assistance In manuscript preparation. This work was supported in part 
by co«iperativa grant ^NCC2-4 from NASA-Amas Research Center. 


PRECEDING PAGE BLANK NOT WLMTO 



TABLE OF COHTBHTS 


^ QiMury 


ACKNOWLEIX^EMENTS ill 

LIST OF TABLES vil 

LIST OF FiOURES vill 

Chapttr 

1, INTRODUCTION 1 

2. LITERATURE REVIEW 6 

Risk Asssssmtnt and Doss-Rssponse Thsory 6 

The Quantification of Toxic Response 7 


The Threshold Concept! Implications for Risk 
Estimation ... 

Mathematical Models of Dose-Response Curves for 


Quantitative Risk Estimation 13 

Tolerance Distribution Models . . 13 

Hit-Theory Models ... 17 

Biological Considerations for Spec ies-to-Spec its 
, Extrapolation 27 

3. MATERIALS AND METHODS ... ....... 30 

Mouse Behavioral Assay - Adapted from Winslow 

(1981) ......... ... 30 

Experimental Frocedure 30 

Behavioral Response Chamber 31 

Rat Physiological Assay ..... 31 

Experimental Procedure ............... 31 

Electrocardiographic and Respiratory 

Monitoring • 33 

Serum Enayme Analysis ............... 33 


Physiological Response Chamber . . . . . . . ... . 

Iv 




omornM. m 

» won QUAU1Y '' 

ch«pctr Pag* 

Carbon Monoxld* Dalivary and Analyais ......... 39 

Data Analyala 4b 

4. RESULTS . 48 

Mouta Bahavloral Data ....... 48 

Quanta! Do*a-R*aponaa Curva for the Initial 

Behavioral Change ............. 48 

Ona*Hit, Probit I and WaibuU Modal* Pitted to 

Initial Bahavloral Change Data ........... 31 

Quantal Doia*RaapQnae Curve for the Loae of 

Escape 36 

One-Hit, Problt, and Weibull Models Fitted to 

Loss of Escape Data 59 

Rat Physiological Data . * * * 66 

Effects of CO on Serutn Enzyme Activities; 

Graded Response 66 

Effects of CO on Serum Enzyme Activities: 

Quantal Response ......... . . 71 

One-Hit, Probit, and Weibull Models Fitted to 

Serum Enzyme Data .................. 75 

Electrocardiographic and Respiratory Changes 

in Response to CO ................. . 84 

5. DISCUSSION 85 

Interspecies Variables that Affect Toxicity ...... 87 

Estimation of a Virtually Safe Dose of Carbon 

Monoxide for Man ................... 89 

Oomparison of Predicted Human VSDs with Acute 

Responses to CO in Man . . . . ... . . • * .... . 91 

Applications of Risk Estimation for Combustion 

Toxicology . . • • • .» » • . * ... .■•* . .. • 17 

6. CONCLUSIONS ....................... 99 



vt 


ATPENDIX I 
APFENDIX 2 
APmOIX 3 
APPENpIX 4 
APPENDIX b 
APPENDIX t> 
APPENDIX 7 


owQWAt mot If 

Of POOH QUAirry 






***•» **♦*<»*•••• » •• 


• * • 


*»«•»»«««» 


• «««!% 




Page 

UU 

103 

UP) 

lOfe 

107 

lOfi 


Al'PENDlX 8 . . , , 


appendix ^ . 

APf!:NDIX 10 

appendix u 

APPFNDIX 12 
APPENDIX U 
APPENDIX 14 
appi:ndix 15 
APPENDIX 
Ai'PPNDtX P 
APPENDIX 18 



REErRENCES PIIPD . . . \ 
REFERENCF-S CONRELTl'D . . 


HI 

M2 

113 

114 


115 


1 


4 ^ ^ 

» i * 


liH 


120 

121 

122 

122 



PAQi Mf 

or POOH QUAU1Y 

LIST or tAitSS 


Tabl» 

I. SMmtkty of MotivatoU Bthavioc Chant»K Ohaorvvd 
During Aouto ca CxpoMuroi 

n, Analyaiu of Problt, and WeihuU Hodelu 

FUead CO Initial Hahavioral Changa Data . » « « . 

IU» Suwftvary of MotivaCad Bahavlor Changi'K OhaorvrU 

During Av’ut# co Expo»ur#« . 

tv, Aiulvitta ot ^.'na-Hif, ProbtC* and Wo i butt Modoln 
Fitfcod to Iona of Eacafo Data 

V. SuRiwary of A^'uto Ef foots of CO on Foiuw Fn^vwi* 

Ac t IV itioH ••f,,*!*,, 

Vi. Ouantal Aiulvoia of Incroaaoa in Sorun I PH Activiiv 
Occurring in Rowponno to t'nrbon Monoxidv . . , , , 

VU, Quantal Aiulyals v>i Incroaaaa in Sorum HHPU Aciivitv 
tVcurrtng in Risponst* to Carbon Honontdo , , , . . 

VI U. Quanta I Analvai.s of Incroaao* in Sorum (M’K Aotixii'- 
Occurring in RcsponMo to Carbon Honoxuu ..... 

IX. Analy*il*i v»f , Problt, and UVionU Modriji 

Fitted to IPH jJcium Fnaymc Data 

t 

X. Analvain .d iMto-Mit, Problf , and ibnll Modi’;. 
Klttvd to IlHPIl t^onim Fu/vmo Data 

XI, Fstimatid Hut;uu\ for .^inglr* Acutv v'O Fsposm t-. 

XII. duniRtarv of Data for Humon Uesponao to Aiiiti CO 

E.HposUreji 


I « • 


vlli 

ORtdilAl PMi U 

OF POOR QUAUTY LIST OF FIGURES 

Figurt Pagt 

1. Signlficanct of a in th« Frobif Model 15 

2. Significance of 0 in ehe ProblC Model . . 16 

3. Significance of a in Che Probic Model; ProhU 

Tran^fomeCion 18 

4. Significance of 0 in Che ProblC Model; Problc 

Trenef oruuic ion ***••«*»•****#»*«•»»* 19 

5. Significance of Che a PereaieCer in che Weibull 

Model r* • * 1 * ** • t *< ••• t t «• • •* 24 

6. Significance of the 0 Parameter In che Weibull 

Mod el**>«»j«*** **•#*»«•• ««•»••• 25 

7. Significance of the m Parameter in the Weibull 

Model .... ................. 26 

8. Mouse Pole“Jump ..................... 32 

9. Electrode Jacket for Electrocardiographic end 

Respiratory Monitoring ..... 34 

10. Electrode Jacket on Rat ................. 35 

11. Sample Electrocardiographic and Respiratory 

Records . .............. 36 

12. Physiological Response Exposure Chamber 40 

13. Individual Rat Restraint Tube .............. 41 

14. Rat in Restraint Tube .................. ^<2 

15. Nose‘-0nly Inhalation Exposure 43 

16. Mixing Fan at Gas Inlet . . . . . . . . . . . . . .... 45 

0 3 

17. Relationship between Carbon Monoxide CT * 

and Initial Behavioral Change Response . . . . . . . . . 

18. Quantal Uose-Besponse Curve for Initial 

Behavioral Change Data ................. 32 

19. One-Hit Model Fitted to Initial Behavioral 

Change Data .. ..... .. . .. ..»• • .. . . • • 33 



lx 

(MHQfNAL MQi |t 

Figurt OF POOf? QUAU1Y Pftgtt 

20. Prohic Mor!«l Fitttd eo Inicial B«hivlor«l 

Chung* D*f.it 54 

21. W*ibull Mcxltl Fitttd to Initial Bohavioral 

Chang* Data 55 

22. Ralationihip b*twi*n Carbon Monoxid* 

and Lo*a of Eacap* Raipont* 60 

23. Quantal Doa*«B*apont* Curv* for Loaa of Eacap* Data ... 61 

24* On«»Hit Model Fitted to Loi* of Eacap* Data ....... 62 

25. Probit Modal Fitted to loaa of Eacap* Data ....... 63 

26* Weibull Model Fitted to Loaa of Bacape Data ....... 64 

27. Graded Reapona* Curve for Serum LDH Activity as a 

Function of Carbon Monoxid* CT®*^ ............ 68 

2S. Gradod Reaponae Curve for Serum HBDH Activity as a 

Function of Carbon Monoxid* CT^^-3 69 

29. Graded Response Curve for Strum tDH Activity as u 

Function of Carbon Monoxide CT®*^ ........... 70 

30. One*Hit Model Fitted to LDH Strum Enzyme Data 76 

31. , Probit Model Fitted to LDH Strum Enzyme Data ...... 77 

'•e 

32. Waibull Model Fitted to LDH Serum Enzyme Data . . . . . . 78 

33. One*^Hit Model Fittad to HBDH Strum Enzyme Data . . . , . 79 

34. Probit Model Fitted to HBDH Serum Enzyme Data ...... 80 

35. Weibull Model Fitted to HBDH Strum Enzyme Data * » « « , 81 


Iff chi^t«r 1 

0^ POOR QUAilTY 

mtlODUCTlOH 

Tlw •igniClcanc* of toxic coabuttlon pro4uctt ax a cauxal factor 
in fica 4tathi ix well txtabliahad* In tha U.S. » toxicity contributti 
to dxath in approxiutoly of all fir« fatalitlaa (Radford at al., 
1974), Sinca tuo aidaxproad introduction of xynthatic polynarx for 
uxt in the eonxtruction, clothingi furnitura^ and tmtiaportation 
induxeriax, bocii tha cha«icil nature of tha fira anvironmant and itx 
toxic throat havo grovm nora complox, 

Vartoux autttora (Hartitll tt al • » 1977; Barrow et aU , 

Alaria and Andarxon, 1979; Koartldax and Gilwaai 197d; Hiludo at al« , 
1977) have propoxad a nustbar of bahavioral or phyxiological indices 
for tha evaluation of the toxicity of coabuxtion productx. Frefiiient* 
ly, hazard rankingx of varioua xynthetic and natural aaterlalx arc 
generated on the baaix of thexe xtudiex> with the moat coupon toxic 
endpointx being tine to incapacitation or tiae to death of the test 
apeciea in the fire ataoxphere. However* both the types and amounts 
of chemicalx produced by thermal combustion of either syntnetic or 
natural materials are very much dependent on fire conditions and the 
fire environment. Such variables as ventilation* temperature of the 
fire, and whether combustion is flaming or non»f laming, can signifi- 
cantly alter the cUemlxtry of a fire atmospnere and thus its toxicity. 
This fact leads to serious inconxixtencies between hazard rankings 
obtained under different combustion conditions, Since the parameters 
of a real fire cannot be predetermined, nor can all possible fire 
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canditioiiii b« tinulttcd «)ip«rtiMRt4ll)r, tl ncmii «4vl«iibl# to tnv#»tl- 
gut* th« toxle risk sssocUtsd with sows of tho conpounds wost cownon 
to 4 asjority ot firs onvlroiiMnts. Ono suoh oowpound ts esfbon aono- 
xids (CO), 

Cortion aonoxldt Is uhidultous in firt staos{»hsr«« sinew it is pro* 
Juetd ths incoapliis coabusiion of sny e4rbon-cont4ininii astwriAl. 
WUiiout inttrfsring with rsspirstory asehsni^s, esrhim aonoxlU# 4 etx 
4S chwaicsl 4«phvKi40t (Csssrsett l^M). 3y eoabinitvt with 
to fora e4rboHynwaoglv>bin» which is infftieiont In oxvgen tr4ntport, 

CO C4USOS onoHia by intsrfwritig with th# nurasl oxygon-cwrryinit C4p4* 
city of the blood* AddltiotiisUy, ths proHenee ot »Mrhoxvht*moxlobin in 
the eireuloting hlood sltsrs th# shspe of the oxvgwn dix^uicUt i<ni 
I'urvs of normal oxy.tr^ugiobin, so tlut A xmoller ssunmt ot hlo-'d *i\v- 
gen is rwlt-Msed in tissuw cspiUsrtws (Bartlett, 

A Isrgtf portion of tht extensive literntnre on ("Xi t« devoted to 
chronic ioxlc vt tacts that art sssoclsted with low-level exposures o{ 
long duration, such as thosa which aay result froa urban air pollution 
or clgaratta saoKlng. Less Inioraation ts available regarding the 
acute toxic sfiecta of CO on tiaaasls, at concentrations which iu«lc 
tns high love U ottan present In fires. Mecessartiv, very little Ih 
snown of guantitarlva human responses at these ssrae high levels, 
la x'on fact Ion wi th NASA- Ames Research Center. j>an *ose Ntate 
Unlversltv*s Department of Biological Sciences has developed a »Ox!nl.ii 
system to assess select, aub-lethc.l, tixlc euects in rodents ciased 
bv acute exposnrcH to combustion products* The modular system was 
designovi to Interface with the NASA Radiant Panel for the ^'nerat ion 
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of polyatrio ooabuftion produces, or uleh s gst doUvory tyitou for 
eotcing itidlvUuAi covOuselon cosponones such «• 00. TIm synoii h«i 
eho advontag* of Incorporaeing aulelplt bohuvioral and physiological 
tndieaa in a aaall-acala coMbustion eoaiciey ease, for rtasons pro* 
viously dlscuisad, carbon aonoxida uaa choaan for*ch# purposa of 
vaUdaciCi^ eht ay seta. 

Tha cnaractarlaeics and liaieaeions of bahavioral tasta in i;urrt.'nt 
usa by coabuaclun toxlcologises hava baan axtanaivaiy ravlowcd by 
Wlnalow Briafly, tha bahavioral assay ueillzad In eho aoduiar 

lyseaa is a pola-Juap raaponaa to daeace changas in oparant or anti** 
vatad bahavlor of aica. Tha pola^Jtaip app.ira^.us quant tf its dlscrtH*! 
trial, avoldanca*ascapa baaavior throughout tha course of a to^ic 
rxposura» A trial eonalsts of a conditional stimulus (a tone or light 
cut), foi lowed by unconditional stimulus (an alactric shock), and an 
intar- trial pause* Tha mica art trsinad to avoid the shock hy luaipitu* 
on tha pola during tha conditlotial stimulus parioi; If tha mouse fails 
to avoid tha shock but is abia to jump to the pola during the uncondi- 
tional stimulus period, tha rasponsa Is termed an escape rather than 
an avoidance. Two toxic endpointSi the initial behavioral change and 
tha loss of escape, ara derived during combustion exposures from a 
series of repetitive, one-minute long trials. The initial behavioral 
cnangt occurs at the first trial the mouse fails to avoid the shock, 
followed by failure to avoid in at least * of h subsequent trials. 

Loss of escape is defined ss the first of 3 consecutive trials In 
whicn the mouse falls to escape the shock. For complete details of 
the benavioral system, the reader Is referred to Winslow (1961), 
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Th« physiolotleal ataay ineorpor«ca4 in eh« nnduUr tyittn eoit- 
iiiCf of alaetf^eardiocraphlc and ratfiiraiory nonUorint of rata 4ur* 
ifg cna eouraa of axpoaura» and poa«*axpoaura analyaia of aaiaetad 
aaru« anayna ac&lviey Xavala* THa praaaiiea of infraeaUotar aniytaaa 
in axeraeallular flutda la ganarally aeoapead aa an indleaflon chat 
eaii daacH haa oceurrad* Tha anayaaa etioaan for analyaia ara aaso* 
oiatad with organ ayaeana or eiaauaa which ara particularly aanaitiva 
to CO*lnducad anoxiai baeauaa of thalr high anargy raquirananta or low 
anaarohie capacity* CraaCina phoaphokinaaa (CFK) in tha adult rat la 
diatributad pr~ ^rily in tha cantral narvoua ayatan (Booth and Clark, 
1978), in tha eardlovaacular ayatan, and throughout akalatal nuaclt 
(2Uar, 1974). tna aajor lactata dahydroganaae (LDIl) iaoaynaa ara 
locaiiaad in tha heart, akalatal nuacla, and llvar of rata (Pannay at 
al . , 1974), Alpha*hydroxybutyrata dahydroganaaa (HDBH) raproaanta tha 
cardiac fraction of tha LDH itozynaa. Using rat heart call cul* 

,a 4 >a, van der Laaraa at al. (1979) have denonatratad a linear corre** 
latlon between the amount of HBDH released, the extent of cell death, 
and loss of contractile function In reaponae to anoxia. Penney and 
Mazlarka (1976) have inveatigated the tine course of changes in serum 
enzyme activity levels of CPK and IDH In rats axpoaed to 1500 ppm CO 
for Z hours. The tissue distribution and chemical cheracteri sties of 
CPK, LDH, and HBDH in the rat are elnilar In man (Bio-Science Labora- 
tories, 1978). 

* Data from the behavioral and physiological asaays cited above pro- 
vide information on the quantitative relationship between CO concen- 
trations ('*dote"‘) and the probability of occurrence of selected toxic 
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in rodtnca. A nualMir of tnMral, thaoratieal w»dcin haw 
baan propotad td datcriba witbMuitieaUp tha way in which eha proba- 
bility of ra^onaoi or riah» varies as a function of tha doaa of a 
toxicant. Tba purpoaa of such wodaia ia to provide a aaant of axtra- 
polation frea aniiial acudias to a pradictiva atataaant of ralatlva 
risk for ^an, whan quanticativa toxicity iiifonaation for nan la naciia-* 
aarily iialcad or unavailabla. Tha darivatton and application of 
thaao audvU will bo diacossed in tha litaraturc raviaw. The riak-* 
asciiiata aodela which ara aost auitabla for tha Intarpratation of the 
acuto toxic effects alicitad by CO will ba uaad to analyse tha rodent 
behavioral and physiological doaa-raaponaa data, Uii • the application 

of appropriate interapeclfa conversion factors, tha ”dose" of CO asso- 

6 

dated with a very low risk (I in 10 ) of occurrence of alwilar 
toxic responses in aan will be estimated. Finally, the reliability of 
the human risk estimates derived from these models will be evaluated 
by coapatison with available literature on equivalent human responses 
to acute carbon monoxide exposures. The ii^llcatlons of these risk 
estimates for combustion toxicology will be considered. 
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Risk AiittfMmt «nd Dot«*Rciq>oii«« Thtory 

Th« concept of risk it lnh«r«nt to virtually all toxl« 

cologie axperiiMtntatlon. Tha valua of obaarvlns or BaaMurli^ tha 
af facta of a toxicant in tast populations lias in tha ultimate appli- 
cation of this information to predict tha rasponsa of naive popula- 
tions to a given exposure of the sana toxicant. Obviously, tha toxi- 
cologist is prlnarily concucnad with astinating potential toxicity in 
the general human population, baaed on laboratory data from other 
species, or from upideniologic data when it is available. It has ioug 
been rtcogniced that the doae of a compound determines the nature and 
extent of toxicity. Therefore, to assure reliable risk predictions, 
the quantitative relationship between the dose administered and the 
toxic response must be investigated. 

In the discussion to follow, a number of aspects of basic dose- 
response theory and their relevance to quantitative risk estimation 
will be introduced. The way in which a toxic response Is quantified, 
whether on a graded or a dichotomous scale, or as tlme-to-occurrence, 
is basic to understanding the content of dose-response curves used in 
risk estimation. The nature of the toxic response (e.g., reversible, 
heritable) is also Important for risk assessment, particularly as it 
pertains to the question of the existence of toxic thresholds. Next, 
a number of theoretical models which have been developed to describe 
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•At hiliuit lenity rnlnJlonihlf Ntw»»n 4oi« «n4 miq^oii««i niiil whleh 
4 ft chA iMttiA iMi wHteh rink •«H»ac«« «r# •ttnkUAhiii, will |pr»* 
•»n(A«lw FtiwUy thn t»rocA««ni which Uf lw#ne# rh» ahnpp ti 

thn iloA#‘r»Aj>v»ni*A emvo hv h» Ipi nn llrAnnIvirw ntt AdMtiilAtnr#d U««iia int 
All AtlAeltvi* will hw Cimil4#r#(l« 

r*4t» ICAt h'U vlf r»»Hlc 

i^‘Fl4h*»itv U.I4 Uii> varl^niw .»} >(u.uif 1 1 -ir ivt* 

-rwAju'tVMt* »{,it 4» whlv'U iiu'liiyl** i^r4ilt>4 «Uchotom«nu i»i‘ 

.JlliiUtAl 4414, 4U4 t v»-rA4|HMU*e 44t 1, III 4 |{r<l4(«4 ft- 

AIH'UhW nu‘ tovlc U*«j»,Miat At A {llili t 1411 III 44Hr f 'I ffli»4«*uri»4 411 

4 ,‘4>UtmK‘UH ?<v-4l4 41 l4t#UMitV 4| ell 441; tn4lV4Al|lA 44«4 In 4»*M4- 
v'l,|{4%l WlrU tU4fi*4?rUm S4V4rttV 4t r4M;HMIM4, TII4 t4»li4 t*Jt44l 4411 l»4 

ni4u;jiit t4 «44t4l«?4 bv iht* tm«‘iM4il4n 4i the 4h«*wi44l with vi 4444 
UV4 ht4l4iii44l 441 Itv 4i* “ r£*4#iii 4f '* j UiA MAgiiltu44 4i rAnimnAw it 
t!it»r4t4r4 ]»i4i‘44t t4iuil t4 th4 rniwh^e ai Aftcet^vl ri»44i'r 4fst, 

l4 4 j,444t i‘«tt4UM 4r *1444141 PeAtUHIM^ AVAlyMUM, 4 t4Hi4 l4A|'4tlA4 
41U4I144 1 » VHt4hl t.ntuHt. Ill \\\it v4**4, I ll4 l4>d4 r«‘*l|'4ilH4 j>i %i4thU‘4 
4H 44 .lU 41' iU‘44 4V41U 44,1 VMrUHlIt 41 UU41HU v 4t 

.I* »au'h 414 44i 44n’ii,i4»‘fU, The i'rajavrt ion 4t ni4iviln4l*« ui a jiajm- 
hiUoii P4»v'‘'iult 4»i or lot 14 th# rriioi ioiv ai 4 nivon ,i4si,» 

cm turn '44 xlrtrriaiiunl v‘, riu» romaMwi* orilorioii 

v'hv'a ‘u, rrriaoU tho umiUaI V4it|MniA#, awv bt» tho apimArAhi'o ol a inirt i* 
rnUr, Aiihlottuil ji4th4l4|y;v or l#lh4ltty, tUiK'o \;u4iir4l 44»t»-rAA|nMi««' 
4nrvr« rrl.Ut* Hir ,Ioh4 o{ the tviHi44nt with the jirojiort Ion vif the 
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pa|»al«tiun n*«puui|tni (th» r«l« of In tH» |io|»uUUan), 

lAi irnna(oini4tuin« of i^oM-ratpona* «r« vary l«pannni for ih# 
•MiUatton of riak) or tho jirobn^lUiy tlmt « toaio ro«|^on«» ifUl 
occor at any tlvon 4oao of a toxlrantt 

For tnoaa «.'o«|)ouuaa i^apakla of procuring irravarathU foaUMta 
Willi long aaUv»a oniat, iha liaa lo raapotiaa can aUo ka vHinaidar#4. 
fiahbaln |I440\ haa ravlawail lha currant alatua of t t8Mf>*to-o%*cutram'a 
tioao'^raaponaa «o4alii\g wKlch ta haaa4 on tha iaportanl fiiuHnii x’^i 
Pvuckray ^'■*1 tncraaalng 4oaa la aaaoclatad wUH Uacranaing 

lataiu'v % Uaa" • conaianlK NacaamarUv* tht« ts‘pa of avurtn 

IM oppUvMblc oolv to oarlotn cUamaa oi toH4%'.inta» portl»»‘ iu tv o.m 
» ino^iM\H, mut.iiiouH, ojtoot h % o*uooi» , »lon»' 0 «*i u tvo, to}«uv . 

l‘*U’ roii'-ou'Ul \*oiu't»plt ImpUcottonv tot KtHk Kstt^Bittou 

fiu' I'stutotvo ot tmtiv‘t4«»tl thtoahoUl't Uoh boon non«nvillv o»sopt»‘ 
*01 laowt tvpi'n ot tovtoolo^tool roaponaca t.4oUri\t»t itut Hao, !»*>', \ 

toroahoUi 4oa«* tot* a tovtoant ta 4aitna4 to Ua tho 4oao ahovo wht»*H t 
glvoit to\iv* roHpvntiio will ocv'tir au4 below wltuh tl will not, A 
imrahoiJ la UeptMulanl not onlv on tha ^‘hewttoal Itaoll » but upon tho 
ootaplox uuovauivnm ot a lumber ot pbvaioloitlo raoioix apoolUo to 
lua tiuUrtilual at rli*k - aax» age, 4tat* atroaa, anU genera t he.Utb \ 
naitto a tew. In awalli rxpartttiamal populai tvMix, wbaro nianv oi tUe<i%' 
vrtviablea hauo horn eUnainata4> tt mav bo po^alblo to ostabUah an 
01 trot Iva popuiatlou ttiioa‘aol4, balow wblv4i an i nt »nUo nnmboi ot 
populatlv'u mowbot M aav bo onpoaoU witbout tU onoot, Howovot , la 
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Urg* and unntatriccad populittona, a f«w ImltviduaU aay b« to aanal- 
civa or auacaptlbU lo tha affacta of a givaii fcoxleaatt that any doaa 
0 ^ tha agant la aiaacUtad with a •imU ba aoaaurabla population riak 
(IllLG, 1479). 

Huch controvaray currantly liantara on wHathar affectiva pc^ularion 
thraaholda, auch aa tuoaa which ara ganaraliy agraad to aaitt tor car- 
tain '"nonatochaatic* af facta oC foxicanta, alao aaitt tor "atochaatic'* 
atfacta. Nonatochaatic atfacta ara thoaa for which aavarity oi tha 
toxic affact ia proportional to t'M doaa it.g*, llvar daauiga), and tor 
which tUara tnay axi^it a no atfact lavali for atochaatic affacta ia,g,» 
tuaor dwvalopoant) tha probaht 11 ty of occurronca varlaa with dosa 
^Bittlar, 197$), 

tha «oat pravalant toHicanta in tha lattor category aro carelno- 
gena and mutagoua, U ta troiijuantly argued that bacauav* of the aatah- 
llahad ralatlonahtp batwacn doaa and tncidanca of affact fv>r thaaa 
claaaaa of conpounda* there ia aoma flnita probahtllty of occurrant.'c 

a 

aaaociatad with any doaa, no raattar how low ^Butler, Maugh 

dahring and JUau and i>chneidcmiau and Brown 

have axtenalvcly reviewed lUa evldance aupportinn argument a both fi^r 
and agalnat tht? eKiatence ot thraaholda for atochaatic euacta, parti- 
cularly carcinoganan la. Brlatly, thoaa who argue for tha axiatence oi' 
threahoida clta a variety iif repair, marabrana barrier, or lijBftuno- 

I 

aurvailanca «ec!»anlsinH that ara avviilabla to prevent or arrant the 
toxic dlaaaaa proceaa. Thoaa who argue againat thraaholda praaume 
that initiation of tha toxic dlaaaae process can occur by a alugla, 
affective hit of a single, auaceptlble target, following which, 
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progr«ttlon of tht Injury ii ••lf-ouiUlain|. At. Uait ona author 
faaXs that for itochaatle toxic affaetai thraiholda aiy indatd axltt 
but at tha lavel of nuabara of aolaeulaa of tha toxicant* not numbara 
of grana (Rail* 1978). Ultinataly* raaolution of tha thraahold dabata 
for ttochastic and cartain Irravartibla* nonatoehaatic affacta of 
toxicanta dapanda on tha furthar alucidation of tho ■tchanlaaa undar- 
lying tha toxic diaaaaa procaaa* 

Bacauaa of tha dlffaraneaa praauiiad to axiat batwoan thoir toxic 
aachanlsaa* particularly with ragard to tha thraahold liaua* diffarant 
aathoda for datarnining accaptabla axpoaura lava la have dave loped to 
tract althar atochaatic or nonatoehaatic affacta of ebemleala. Tradi- 
tionally* tha approach which haa baan uaad for nonatoehaatic toxlcl- 
tiaa ia tha aatabliahaient of "SNARL” valuaa* tha ’‘auapactad-no-advarae- 
raaponaa-laval” (NAS-MRC, 1977), SNARL values were established in an 
effort to provide guideUnaa .or drinking water standards; a similar 
approach was adopted by the World Health Organization to establish 
acceptable daily intakes (ADI) of toxic residues in food. The SNARL 
or ADI value is obtained by applying safety and Interspecles conver- 
sion factors to the no-observed-effect-level (NOEL) in* appropriate 
animal studies. These safety or uncertainty factors vary widely. The 
approach adopted by the National Academy of Sciences - National 
Research Council (1980) has been to use a safety factor of 10 when 

good human exposure data is available and supported by data in other 

* 

species, a factor of 100 when good data is available from one or more 
species, and a factor of 1000 when data is limited or incomplete. Not 
only do these safety factors differ from one author to the next, but 
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iubjtefclvc Intb^rpretAtiuti of what consfitutta good data alloiira 
cooildortbla rooa for variance in the evaluation of SdARL valuee* 

Bteauae of Che inablUey to eacabliah concluaively whether delayed 
onaet atochaatic etiecca exhibit threaholda, a aore conaervatlve 
approach to riak aaaeiaatnc la warranted. Thia aechod» teraed the 
riak eatlmatt aechod, Involvea the following' 

1) aelection of an appropriate experiaantal bioaaaay 

2) aelection of a theoretical doae-reaponae aodel, and eatian-* 
tion of ica paraaetere from reaponaea at all doae levela 

3) atatiaticai extrapolation of the axperioental reaulca to tow 
doaea outaide the cxperiaentally obaervable range 

A) extrapolation of the eatlRated resulca in anltnala at the low 
doae level to man, taking into account the inter" and intra- 
species olv}loglcal variables whicii Influence toxicity (Hoel 
197 $) 

For tuoae toxicants (e.g., potent carcinogens) for which a threshold 
has not been demonstrated, the dose-response relationship Is extra- 
polated to a level of "acceptable risk", a near-cero lifetime risk 
first proposed by Mantel and Bryan (i9ol), and recently adapted bv the 
Food and Drug Administration (Federal Register, 1977) and the Inter- 
agency Regulatory Liason Group (1979), to be a lifetime response level 
of 1 in 10^, In the U.S., this elevation in lifetime risk would 
result In 3 cases per year; the doae corresponding to this lifetime 
risk is called the VSD, or virtual safe dose (Scientific Comtttee of 
the Food Safety Council, 1980), 
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DtipUc ttm tumtivtml iittiMtiM* m 4« th*M t«e elatMt 

o£ taxie HUet§t tlM SeiaatiMe OMMUua of tho foo4 Safoty CoaiieU 
(IflO), Haa ractnely argua4 ehae eba rtak aaelMta a^proaoh akoalcl ka 
applied to nonacoctuatie at wall aa ■teehaatte toxiisttiaa* Tha com- 
aittaa atatad that for nonatochaalle raapenaae, a diitrihucton of 
unlt}ua tnraatiaUa axiata at thin a population, tha •t'tinua of ahtch 
cannot ha datarainad a priori, thua, tha rtak aatiaata aathod, which 
incorporataa infomation froa tha ahapa and al^a of an axpariaantal 
population*! doaa-raapoaao curwa, la daaaad aora iu»propriata to glva a 
heat aatlaata of an affactlva population thraahold fur nonuarclnagona. 
tha coaaittaa ganarally rajaeta tha praetlca of aitablishing NCfil and 
SNAKL valuaa, which diaragard nuabara of axpariaantal aniaala and the 
• lope of tha doar*raa|>onaa curve. Additionally, many of the bto*> 
logical phanuaana which greatly influaiKa the functional ahapa of the 
doae-reapunaa curve, aapecially aatabolic activation and deactivation 
prucvaaeg, are ciMsaun to both atochaatie and nonatochaatic reapunaca. 
Curnfield (1977) has expreaaed the (pinion that doae*r«aponae curves 
tor careinogeua and noncarcincHiena alike reflect the aaturatlon of 
protective biological pruceasea, in which case dlf ferencea between the 
duae^reaponie curvea for acute or chronic, reversible or Irreveraihle 
toxicltiea «ay primarily reflect kinetic differences rather than dif- 


fercncea in Kind, 
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Cttrv«i for 

QuMiitU4i;lv« lltk iselMetoii 

A« MHfiloo«4 prtvtmialjr, or« of t\m ptlmrf tto^o in tlio dorivo* 
tion of 0 ^ik4nUtotiv« rioK ottliuu* it Iht •poeifteoUon of o fchoorot* 
U«1 4oit-roiponio cucvo for ontrupoUtlon to tow doto ox^ouroo. 
duaorout oodotx novo Ooon proposod to dooortlio how tho probohility of 
0 toxic r« op onto occurrlin, r, vorlot no « no tho mot ico I function of 
tho dootio, 0, Tho foUowlnt dioeuotlon of chooo «Mthoouittc«il oodoU 
will contidor in dotoll only tho font of ooch oodol which it aoot coo- 
aonly utod to Ititorprot quonttl doto-rotponto doto. Although ooit of 
thtf aodolt con bo tdi^tod to includo o tiao-to-rooponte t«m» tine* 
thlt t hot it it concornod with tho ocuto nonttochootic toxic tty of cor- 
bon Monoxldo, tl«o-to-roapon»o will not ho ditcuttod ony furthor. Ttn? 
typot of aodolt protontod can ho cotogoritod at el thor tolortnco 

dittributlon aodolt or hi t-thoory aodolt. 

% 

•A 

Toloranco Pittrih uti oa Madolo 

Thooroclcal doto-ro^onto aodolt which oro dorivod froa the attuap- 
tlon that individual th rot hold vtluot or tolorancot vary aat^ng a popu- 
lation according to toao probability dittributlon are ciattif iod as 
toloranco dittributlon aodolt (NAS-MRC* I9d0>, Sinco a f«w Individual a 
pottottlfg throthoidt at tho oxtroaoi of the distribution will cause it 
to **tal 1" oxtens tve ly^ the threshold dotes are fre«iuently aeastirrvi on a 
log doto scale. These models attuao the general fora 
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fm * r <ft fioti)) 

wlitrt PU>) tH« proMiiltf of at 4oaa t), f r^rtaanta cHa 

fraquaiiey function daaeribaa tte yayitlation*a diatri^tlon of 

taraaboldat is a location eonaeant, and 1 is a seals constant. Tha 
tm noat coomon axanplaa in this class ara iNi proMc nodal and tha 
loflt nodal. Tha diatrihutien of log tolaraneaa* F* is dafinad as tha 
aomal (Gaussian) diatrihutloo for tha prohit nodal» and as tha logis- 
tic distrlhution for tha logit nodal (Notl« I9i0). Tha nathanatical 
aquations of tha resultant dosa-raaponaa curves ara given by 

Probltt P(D) • ♦(« + 01ogD) 

4 • standard cuinulatlva Gausaian distri- 
bution 

togit! P(D) • I + exp -<a + 


Both nodtfla ara ctiaractaritad by a aignoldal dosa-rvsponaa curve, Tho 
of fact of changing tha location constant, i, In tha probit nodal can 
be lean graphically in Figure 1. For a constant value of 0 (0 * 4)/ 
changas in a shift the dosa-rasponsa curve along tha x - axis; m thus 
locatas tha maan of the thrashold distribution (l.a., tha dose corra- 
iponding to responsa) along the x - axis. Changing 0 houaver. 
whila holding a, constant (a • *1} cauaas tha slop# of the problt 
curva to vary in staapnass aa shown in Figure 2. The logit nodal dif- 
fers little from the problt nodal In the observable exparinental range, 
but at tha extrane of the distribution approaches aero reeponse less 
rapidly than does the problt, and tharefore products note conservative 
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VSB*t <nstilwlii 9 lftO>« MtillMir tlisic* of ilotrlfciitiMi Ims nroi« 
MoioffcA^ m^MuUitic JiiotifiMtioo i» ttiio «o«c«tt» h»t tetti h«v« 
No« tto«4 oiCtiMlvoiy KiWf o lofit My of oMr¥«4 4ooo« 
ro#ooio doei froo a oartofiy of CMtiaaiita* 

Tlw yroUt aifoeiM aorvo aao ko Mo Uooar ky yloittnt ebo 
4m-roMo«« Mo oo a UfyeokaklUty aaalo. Tko uUlUy of tkia 
craoifoniatioo kaa liooii 4laoiiaao4 ky o*yiahorty (IW>. Tiio problt 
tranafoniaeian ia dorlvo4 froo ebo oatakltatiod ralatioitahiy batnoott 
cbo diacaneo la acaiidafd dooiation ooita froa eko ooan of a loroal 
diatributlofi and tka yoreoiie aroa oodor tiio eiMttlaciya ttorwil eurva. 
Ualfn ttila iog*yrokU aealot CHo yrokit iiooa eorroatioiKlitv to tho 
aUooidai eafvaa of figoraa 1 atfid 2, art yraaaottd it Pigur#« 1 and 4 
raaptetiaaly. Tha alopa of tba yroMt Un# i a aqua I to I/.-, and it 
thtrafora Indicatlva of tho dograo of vartakiUty in population ionai* 
tlvlty to tha toxicant! tha ataapar tha 'itupi, tha laaa variabU tha 
population rtaponaa at a givan doaa. 

Hit*thaory Hodala 

Tba thaoratical baals for "hitnata" oodali ix tha aaaunption th.it 
tha alta of toxicity hat looa nuobar of critical targata which mu*t ba 
"hit' or altarad by « toxic agtnt bafora a toxic raaponaa la alicitad 
(NAS*NRC» 1900). Tha concapt of hit hara iaipliaa any of a nuobar of 
doairdapandant , biochaolcal tvanta or tranaitional atagaa botwaan 
initiation and axpraaaion of tha toxic affact* For thaaa oodals* th« 
probability of raaponaa variaa diractly with doaa, diia to an tncraiaad 
chance of a critical tai^at balng bit at highat doaagat, rather than to 
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• largar proportion of tht population b«io| abova ehrothold* Although 
this group of Bodala aaauMa cht aonoxiftoneo of • population thrtah- 
old» atvaral uiU fit data uith an apparant thro ahold, and hava baan 
uaad to traat data fro« non*eareiaogaoa aa wall aa earelnogana (Scian- 
tifie Coaaittaa » Pood Safaty Council, 1980), 

Tha tlaplaat of tha hit-thaory aodala ia tha ona-hit or linaar 
nodal fir it propoaad by Arlay and Ivaraan (1952), Tha ona-hit aodal 
aaaunaa chat tha toxic nachaniaii ia a ona-atap tranaition occurring at 
A alK^la targat or racaptor which haa baan axpoaad to a aingla, affac- 
ciwa, doaa unit of a toxic agant. Tha aquation of tha 4oa#-ratpon»a 
curva can ba written aa 

P(D) • 1 - axp(-\D) 

wiiara \ is a constant aquivalant to the slope of the function at low 
dtfsa lavals; increasing X increases tha steepness of the exponential 
curve batwacn 0 and 100% response, tn tha low dose region, the curve 
is essentially linaar and the probability of response Is directly 
proportional to dose (i.e., P(D) •• XD) (tltLG, 1979; Flshheln, 1980; 
Hoel f£al. , 1975). Since the one-hit has only one disposable para- 
neter, X, it often fails to provide s suitable fit to data in the 
observable or experimental range of the dose-reeponse curve. It Is 
generally the most conservative hit-theory model; if the true shape of 
the dose-re sponae curve is sigmoidal, the linear model will over- 
estimate the raspunse rata at low doses by 200 to 400 percent (Butler, 
1978). 
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A i«n*rAlit«tion of tho oitr*tile ■odol if tho aylti-hit or k^hlt 
moduli for irkieh oe Itift k hico of « roeoptor art raqulrad eo product 
a ratponaa. Tha dota-raaponaa eorva for tha nodal la approx inactd by 

P(D) * (X0>*^ 
k! 

k k 

For tMll valuta of \U » chit approaehta F(D) » XD » which la 
•quivaltnt to log P(D) ■ logX * klog D$ k than la tqual to eht alopt 
of log P(D) vtraua log D (Flahbtln» 196C), Centrally, the k-hic nAdel 
givta Che hightac VSD among cht Hlc-chtory aodola. 

A genera Uration of the multi-hit model la the multl-acage model; 
due to its greater utility, the multi-atage model is more commonly used 
than is the multl-hlt. The model, originally proposed by Armltage and 
Doll (1954, 1937), was developed to account for the observaticn that 
adult human^cancer incidence Is approximately proportional to a high 
power of age. Like the otultl-hit* the multi-stage model is based on 
the assumption that a single cell must undergo several, successive, 
staoie cnanges prior to tumor development; since the probability of 
occurrence for each stage is time dependent, tne overall Incidence rate 
thus increases as a power of age. Unlike the multi-hit, the model 
easumes that only some of these transitional events depend on the car- 
cinogenic agent, while the rest occur spontaneously at a given rate. 
This feature makes the model consistent with human and animal data 
which suggests cancer incidence is proportional to dose or the square 
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of dott» but no hlghor powort (IIAS/iatC« 1977), Tht oqiuitleit for th« 
curvo My bt «xprosv«d «• 

P(D) « 1 - #xp-(a^ ^ d|D)(«2 * ^ 

vhoro tht Ittportonc par«ntttr» k, ia intarpraetd at cha nuabar of 
avanta or atagaa io tha carcinoganlc procaaa, t ia tha aponcanaoua 
occurranca for aach ataga, and Q rapraaanta a doaa-dapandant propor- 
cionalicy constant for aach ataga (fiahbaln, X980). Though tha assuap-* 
tiona of tna aulti'^ati^a aodal ara drawn fron atochaatic raaponsas with 
long latent parloda> tha nodal haa baan applied to acuta Xathallty data 
for botullnun toxin (Scientific Coonittaa -* food Safety Council, 1980), 
Carlborg (1981b) haa dlscuaaad aavaral drawbacks to tha nulti-atage 
modal, the moat significant being that it is mathematically undefined 
with regard to tha choice of terms in the polynomial exponent* 

Carlborg haa demonstrated that there are innumerable ways to ^it the 
multi-stage model to a given data set, leading to uncertainty about 
both Che number of sc^es, k, and the risk outside the observable 
response range* This lack of definition, he argues, does not occur 
witti the Weibull model, another generalization of the one-hit model* 

For the Kelouli model, the probability of response as a function 
of dose can be written as ♦ 


P(D) * 1 “ exp *(a + dD*”) 
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fm p«riMt«r a r»pr«Mnt« thm apoiUAMeiia iMcIm round roiponio rato 
(i*o*i tho roaponoo rati olMorvtd in a ocmtrol population)* figura S 
illuatrataa hou ctiangaa In a altar eha Walbull doaa-raaponaa curva, 
tflian 0 (d » .005) and a (a • S) ara hald eonatant} tha vatua of o 
priaarily af facta tha axtant of tailing of tha function aa faro 
raaponaa rata ia approachad* Tha paraaatar 0 la a acata paraaatar 
utiich prtttariiy altera tha alopa or ttaapnaaa of tha Walhull curve 
without aflacting tha utalc ahapa of tha curve (a.g. , algaoldal). 

Tnta raitttonahip ia ahown in Figura 6 for conatant valuaa of t (•.Ol) 
and a (5). Tha critical paraaatar* a, dataminaa tha ahapa of tha 
Uaibuil curve* The inportance of a ia iUuatratad in figura ? 

(adapted f roa Carlhorg, I9dia)i in Figure 7, .i la coiiHtant (** * OtHiu ) , 
but tha alope paraaettr* 0 vma variad to keep tha eurvaa on tha aatna 
tfcale. Fwir values m n • I, the doaa-" raaponaa Cunctlon la coiKdVi* 
(nigh raaponae ratal even at low doaet) * linear for n • I (the ona-Ult 
modal)* and slgmuldal to convex for * *» I (low reaponse raraa even it 
high doses)* The latter characteristic accounts for tha mi'tdal's 
ahtUty to fit data with an apparent threshold, despite the hit-theory 
aaaumption of no threshold (Carlborg, The VSO predicted by 

this model generally falls between the values for the multi-hit and 
the muUi-atdge models (Scientific Coaaittee - Food Safety Council, 
iyS0)» At present there is no physiological interpretation of the 
important shape parameter, m, although Carlborg (l9Slb) has suggesteii 
that the m term In the WeibuU equation may be related to the number 
of stages, k* in the multi-staga modal by the relationship k/2 • m. 
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Sfrjnif icanct' of th<* 'x Paramer.er in th 
»V£HjII and m Held Constant 




Significance of the ^ Parameter in the 
Weibull Model; is and m Held Constant. 
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lioloficAl Cofisl4«r«tioM for tpocios-to^ipocio* ixeropoUrion 

It la apparant Iron tiia praeaadlai diacuaaton that nwaroua thao* 
ratieal oodala hava baait propoaad to date ri ha tha trua aMpa of doaa- 
raapoaaa aurvaa at low doaa lavala fro« aaauaiptlona about tlw» natura 
af tha toxic avant. Howavar» tha varloua doaa-raaponaa eurvaa my not 
ralata aolal)r to diffarant aodaa of action at raeaptora; dlffarancaa 
in how an adalniatared doaa bacoaiaa an affaetlva doaa auat .ilao ha 
conaidacad. It ia an ovaraloplification to aquata tha tana doaa, the 
aaount of a chanical adatniatarad, with tha critical coix;antratlon of 
tha toxicant at tha racaptor, which givaa rtaa to a toxic affact. Tha 
latter ia a compiax function of both tha actual axpoaura, and th** hio- 
chaaicai and phyaioiogical charactariatlca of tha hoat (Schnaidaman 
and Brown, 197d). Tha conpound doaa-^raaponaa curve than dapanda on 
tha ralationahip batwaan doaa and tha affaetlva concantration at tha 
racaptor, and betwaan tha affaetlva concentration and raxpemac 
(^Nordbarg and Strangart, 1'178), Tha biological procaaxas which are 
Involved in tha convaralon of an admlnlitarad doaa to an affaetlva 
doac include anuoq^tlon, distribution, matabollsm, and axerction. Of 
thaaa, wecaboUsm Is vif ten the most significant with rac,ard to risk 
assessaant. 

Metabollsn! can transform some or all of tha administarad done of a 
xanobiocic into Innocuous or readily exctatabla compounds, or may 
produce higtUy toxic metabolites via the same degradative pathways. 

To assure reliable risk estimates, not only must allowances be mado 
for interindividual variability in metabolism, but Interspacies 
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ilfftrtns«s in MUbolio j^thwtyt ot wKt 1 m eoiwi^rcd 

(Um^f 0«liriqg» Xf80). Confl^nea la ^naaeleattva lafaraaebt 
dratm bacwaan apaclat la highaae for diraet-acetni agancaj ohaaieala 
rff}alriti bioacclvacion art aiibjaer to apaelaa* variaelon in saeur* 
abiXUy aad aiid*producca of aatabolie proeaaaaa (Malaoiii 1978), 

tubitaaeiaX inear spaciaa diffaraneaa in eha abaorpiioa» diaerlbu- 
cion, or txcraeion of a ehaaieai alao can and do occur, which aay 
fignlficanciy affact eha ahapa of eha doaa-raaponaa curva, partieular- 
ly ae low doaaa« Canaraliy ehaaa phanoaana ara conaidarad on a caaa 
by caaa baaia and aay ba incorporaead into tha riak aaeiaaea procaaa 
in eha fora of additional aafaey or covaraion factora. 

Occaaionally, careain ganaele, nutritional, aaxual or davalopaaneal 
cnaractariatiea can pradiapoat a law Indlviduala or an antira apoeias 
to diaplay a hyptraatiaiciva raaponaa to a gi van toxicant, Tha pra<- 
vailitK raguXatory aaaua^elon for eha purpoaa of aatinating rlak to 
tha ganaraX human population, la that man auat ba conaidarad tha most 
aanaieiva apaciaa until axparimantal avidanca provaa othcrwiMa (IRLt'r, 
1979). tf such avidanca la not availabla, tha Environmental Protec* 
tion .^ancy haa prapoaad as a rula of thumb, that man may ba tenfold 
more aanaieiva than tha axparimantal animal uaed, and that thara rauy 
ba a tenfold variation in aanaitivity batwaan individuals (Cornfiald, 
1977), 

Additionally, aafaty factors such as those racommendad by the 
National Academy of Science for aatablishing SNARL values, may be 
applied to VSDVs obtained from tha risk astiaata approach. Thu 
magnituda of these factors will depend on a subjaetiva Intarpratatlon 
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M fumbcr of Mologieol ood oxporliitRtoi YortobUt. Inelu4l0|: 

ly (luality of tho •xporiMiitol 4ooigo ofi4 eoiwiieoiisy of Cht 
biological 4«e« 

2) availability of aopportiog aYidofiea fro« otbor in vitro, 
ayidisiologic, or atructurfactivity itudita 

3) obaarvatioo of aioilar «|ualitativo raaponaa in other i^aeiaa 

4) donaarvatian warranted by the nature of the toxic reabonae and 
iise of the population at riah« 
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Houm IthAvioraX Assay - AAsytsA froa Viaslaw (1991} 
txsartasBtil yrac»4urs 

rrssTunaiin , asXs* twlis-Wabstsr ales wstghlai appro«lasesly 3 5^40 
grjas wars sxpostd to various cones at racioos of CO ia air for up to 10 
alautss. Durifi sxposurs> ths aies wart eoaeiauously aoaltorsd for 
thsir ability to carry out a laarnsd a voids act task. Hies wars trainaU 
to Juap to a pola upon prasaatation of a conditional stiaulus (a tons 
cue) in ordar to avoid an unconditional stiaulus (an alactric shock) . 
tf tha aousa fails to avoid tha shock but can still jump to tha pola 
during tha shock pariod, tha bahavioral rasponsa is tartaed an ascapa 
rathar than an avotdanca. Durim axposuras, ona**ninuta lon^ trl.il* 
consisting of ths conditional stiaulus followsd by ths unconditional 
stiaulus and an incar '‘trial pauaa wara rapaatad continuously. Ttui 
initial bansvioral changs is daflnad as tha first trial tha mouc# 
faila to avoid the a hock, followad by failura to a^^oid in ac least 4 
of b su biaqua nt trials. Loss of ascaps occurs st tha first of 3 con- 
sccutlvs trials in which tha aouaa faila to aacapa tha shock. Tha 
txpoaura was tarainatad ones lo*a of escape was established. For 
furthsr details of ths expsrliatntal dsslgn of the bahavioral assayi 
tha raadar is rafarrad to Ulnslow (19dl). 
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or fom ^ ^ ,1 

utiaifiwl teooti— Ctt—litr >. 

Coiil^ltc* (i«i«ilt ol ciM polt*JiMp tliMilttv tad 

optmeiai proe«4urtt «r« proviM kp WiMloif (Itll.)* h pi«tttM of eKt 
■ouM pelt-juap in tito It prtMi^td in Pigi^t •« 


lUt rhptidlefieil Atttp 

fctttri— wttl Proetdartt 

lUftfrtlMd, ftwilt, SprtgtM-DttfUp dtrivtd rtti (Slttotittii Um, 
Cllroy) tftifhlQg tpproxiMfctlp 22S*275 gmi wtrt iubjtettd lo 20 
•Imitt lo(Hi notfonly* itihtlaeion ttpoturtt of vtrioitt cotietfieri&ioQt 
af CO itt tlr. Expoturtt wtrt eondtteetd te tht mm ciao ^ 1/2 hour 
Mch day, iinea Ctnkofal and thoapaon <1966) havt raportad a dlutnal 
variation in pulaonary dilfutlnf capacity for CO In huaana» 

During txpoturat, alactroeardiographic and raaplratory racorda vara 
obtalnad. At two noura aftar tha axpoaura vaa tarainatad, aurvivora 
wara aacrlflcad with CO 2 and cardiac hiood aaaplaa (3 al) for anxyaa 
analyaia wart coUaiQf,td by cardiac punctura. Tha two hour poafaxpoaura 
•aaplli^ tiaa waa choaan on tha baala of a prallainary atudy of the 
tlaa dapandanca of anxyaa ralaaaa in rata (n • 27) axpoaad to 4^proxi- 
aataiy 5100 ppa of CO for 20 ainutaa. Sarum anayae actlvltiaa 
iaaadiataiy aftar axpoaura wara algnlfleantly incraaaad but had not 
paakad, whlla anxyaa actlvltiaa In aaaplaa coUactvd aftar the 2 hour 
poat*axpoaura aaapla, exhibited greater 1 nt a rind 1 vidua 1 variation. 

Aaphyxiatlon by CO^ waa choaan aa the aathod of choice for tar- 

dm 

alnatlon rather than cervical fracture, ainca in a praliailnary atudy, 
the aaan aarua anxyaa lavalt froa pravioualy untreated rata killed by 
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|i^ li 

etrvieal fraetur* <a • 11) wart fro« 2 co 10 eUwt grtattr thtn ehott 
obttr¥td for untraa*.«d rtct killtd ky OO 2 aaphyxiaetofi (a • U)* 


llactroctrdlogftphlc tad Ktipirttory Honttorint 

Continuout rtapirtcory tad tltecrocirdiogrtphle rteorda of 
ittcrtitttd rtct during txpoturtt wtrt oliCtlntd froa t pair of c.tnt- 
ctiorteic, turftcii ditk tltecrodtt. tht tltecrodt eonetec trtt on eht 
chttC of cht rtc wti thtvtd tc Itttc 24 kourt prior co CO txpoturtt. 

Tht tltecrodtt wtrt btld la pltet on eht rtc by t lactx tad vtlcro 
JtektC (Figurt 9 r- d 10). Tht jtektc wtt dttigntd Co allow ttcurt and 
cor race pltctatnc of turfact tltecrodtt on unrtacralntd and unanttcht* 
cittd ract. gltccrocardiographic and rttplraCory rttponttt art aonl* 
Corad on a HARCO Fhytlograph Modal 6»B, tqulpptd wlch inptdtnct pnautRO> 
graph coupltrt (rttpiracion) and hi-gain coupltrt (ECC)i and on t GRASS 
Modal 79D Polygraph. Sampltt of control ECG and rtiq)tracion racordt 
are rtproduetd in Flyura II, 

Sarun Enr/taa Analytls 

Cardiac blood aampl at wtrt colltcCtd ami allowed co clot in 

• TM 

laballtd, ttrum ttparacor tubta (Mlcrocaintr « Btccon*01ckinton) 
for 30-bO uinutaa at room tanptraCurt, They wtrt tubttqutncly cenert-* 
fugtd at 5*C for 3 ninuett at cop tpttd in a dtfk cop ctncrlfugt. 
Individual ttrum sampltt ware divided Inco aliquoct and then crans-- 
ftrrad CO labeiltd glats. ampultt for tcoragt ac 4*8 *G (maximum scabU- 
icy for craaCine phosphokinata (CPK) and alpha-hydroxybucyraca dthydro* 
gtnatt (HBDH)) and ac approximately 23”C (maximum acablllty for lacCact 
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dthydr^tfuit* (U>H)). Inay»t «n«iy««f vcr* con4iM!t«4 wUhitt 48 hours 

of •«n» eoiUctiofit Only non-htvolystd ttriHi tMpUt ti«r« uMd for 

•trufi HIDH ond LDH d*t;«niin4itiont» •toe* both onsyiMit nro roltstod 

frott ly««d rod blood colls; hs«oiysls has no offset on sorun CPK 

activity (Fronkst ol. • 1978)* 

TM 

Cslbiochon ftshring S.V.8. (singlo viol rosgont) diognostlcs 
voro usod for tho dstominotion of oil tnsy«o octivitlos. All rsogonts 
snd cofoctors nscosiory for ooch ossoy woro pro'-pockagod In singls 
vUls, ond woro proporod frosh ovory 48 hours os noodod by roconstitu- 
tlott with on opproprioto voluno of distillod wotor* Tho LDH ossoy i« 
aodiflod from tho procoduro of Wockor ojt o^, (1956), Tho I.PH 
rooctlon aoosurod is tho following: 

Pyruvoto — — w— > Loetato 
NAPH NAD 
(high A34 o> 


The progress of the rsoctlon is followed spectrophotometricaUy ot 140 
nm. The IIBDH assay is nosed on tho methods of Rosalkl ond Wilkinson 
(I 9 b 4 ). Tho HBOU roactlon 


olphO'ketobutyrote 


NAPH 


HBPH 


alpho-hvdroxybutyrate 


(high A 340 ) 
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ii foUoMd ■ptccrophotOMCrically «e 340 tm» Th« CfK ist«y ii b«Md 
0 n eti# pro««dur«t of OItvor (1955) and Koaalki (1967). Th« CPK 
(•action 

CPK 

crtatin« phoaphato Al>P--<-— — > cr«atina ATP 

ta linWad in tha aaaay to two othar aniytaa raactlona which raauU in 
tha ganaratXon of NAOPK froa NAOP; tha fornation of NAOPH ia foUowad 
•pa ctrophotonatrli^al I y at 340 n«. 

Tha U. V, apactrophotomatar uaad in all caaaa waa a doubla-baan 
Varian Tachnitron Modal 635, aquippad with a chart racorder and 
circulator to naintain tcnparaturaa in tha cuvatta covpartmant at an 
optinun 30*C throughout tha raaction period. Thraa oil of prepared 
reagent and 30 ul of aarun ware incubated aaparataly for 5 ninutas in 
a water bath at 30^C, then conblnad, trantfarrad to a quartz micro* 
cuvette, arid placed in tha apectrophotonatar to he read againet u 
water blank for 7 to 10 ninutas, Tha anzyna activitias of tha sanplea 
wara datarminad from tha rata of change of absorbance at 340 nro per 
minute, measured In tha linear portion of tha enzyme reaction curve. 
Enzyme activity is expressed In mlU of anzyne activity per ml of serum. 
An lU, ^r Iateru4tiun.il Unit, represents tha amount of enzyme which 
converts one micromole of substrata in one minute,* under standard 
conditions, 

A quality control check was conducted daily using control sera 
( Cal blochem-Beli ring CALTROL™ I, Sigma Enzyme Control 2*E) with 
estaolisiiedl enzv'me .activity levels. 
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fbyiteleileal toipontt Ch— b»r 

Tba phytiolofleal raaponta axposura ehasbar ia a modular unic 
datignad eo iatarfaca with cha iMhavioral raa^naa ehaabar, and aithar 
eba NASA Radiant Panai Purnaea (for eharsal eonlHtation of polpaara) or 
a pura-gaa dalivary ayataa (for CO axpoaorat). Tha chaabar conalata 
of a raetangular, piaxlgiaaa ilaava» 12 in* long» 8.5 in. wlda» and 
4.5 in. daap. Tba ilaava ia punetuatad by twalva, lava I, 1 in. 
diaaatar holaa which intarfaea with individual rat raatraint tubaa 
(Figura 12), Tha raatraint tubaa ara conatructad of 9 in. langtha of 
2 in* (innar dianatar) plaxiglaaa tubing (Figura 13). Tha haad and of 
tha tuba ia fictad with a 1.25 in. daap eona» which haa a 2 in. innar 
dianatar proxiauilly, and a 0.5 in. diamatar diatally. Thia noaaplaca 
affactivaly allowa ona to channal tha haad of cha rat forward in tha 
cuba» ao that an inhalation^only axpoaura can be obtained (Figure 14); 
only tha noaa and mouth of cha rat project from the cone through the 
opennlns ih the aleeve^ and into tha expoaure chamber (Figure 15). An 
adjustable teflon stopper at the tail end of the raatraint tube 
accomodataa the length of the tuba to different weight animals. 

Carbon Monoxide Delivery and Analysis 

For inhalation exposures of the behavioral response chamber 
and phyaiological reaponse chambar wart staled off and connected to a 
gas delivery apparatus. Tanka of 99, 5R CO (Matheaon certified stan- 
dard) and breaching air wcri connectad via a latex plumbing system to 
two. separate, gas-flow controllers. Gates from the controllers were 
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Figure 12 

Phybii^lugical Response Exposure Chamber 



•'.1 



1 

4 


original page is 

OF POOR QUALITY 






i 


ORiniNAL PAGE IS 
OF POOR QUALITY 



i' I i’ll re 1- 

K.if. in Kest r.i In t Tiil'e 






o.7:ginal page rs 

OF POOR QUALITY 


4 i 



Figure 15 


Nose-(.)nly Inhalation Hnposuro 
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hoaoitniM^ by b«int pa»f«4 ebrotigb • 3 «• 4i««tur by 40 ea lom gli«« 
Kttba fiU«4 tficb 3 aa gl««t bM4s* Axuf anab«r of boaogaaiMg gat ala* 
tar»t eottid ba gaii«rat«4 ia Um by Yirtufa d! altariag Clav raeaa, 

Tha hoaogaaisad gai alxtura iMt dallYavad to aa ialat ia tha t&p al tba 
a;.poturt aoduia$ a 4 ia. Ian leeaead at tba gaa iaiat aaauraa r^id and 
eoapiata aixing of tba iaeoaing gaaaa tilth tha ebaabar atao^hara 
(figura 14). 

Tha gaa alxtura waa dalivarad tindar alight iy poaitiva praaaura and 
waa continually auppUad throt^hout tha eouraa of axpoaura to aaintatn 
ralativaly conataat CO eoneantraeiona. fpant gaa waa vantad throt^h 
an axnauat tuba at tha chaiihar hottoa. At tiaa xaro« a aiMll voluae 
of 99. 5t CO waa Injaetad into tha gaa inlat naar tha fan, juat hafora 
initiating dalivary of r.ha hoaoganiaad gaa aixtura, in ordar to bring 
tna cUaabar atnoaphara to tha daairtd CO eoncantration quickly 
(witnin 2 ninutaa). Saaplaa of tha axpoaura ataoaphara war# withdrawn 
by ayring a through an air*tight aaptua in tha chaabar wall, Juat balow 
tha laval of tha rata* noaaa. Tha CO eoncantration of aaxplaa takan 
at 2, 5, 10, 15, and 20 alnutaa into axpoaura, wara analyaad by nolac** 
ular aiava chromatography againat a atandard curva praparad daily from 
known concantratlona of CO. 

Tha raaponaa chambara and gaa dalivary ayatan wara oparatad at all 
tiaaa undar a walk*ln fuaa hood, to pravant accidantal txpoauraa. 
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TtM ehtonrtlcal eiioMii C0 )i0 fUt#4 eo tb« iMhavioril «Bd 

doM-rtipoiiM 4«e« fmr CO «i«r« eht dofliie, proMe, «ad 
tftibun* Tbt probic adilci la a eolaranaa dtacribneioa aa^al In ifl4a 
uaa eurrantlyi and la aoc aa eanaarvatifa aa 6ba lattH aodal* Tha ona- 
tiit aodti la tha aoae baale and ennaarvaetaa elm hit*th^ory aKMlalai 
whlla tfalbuU darlvad all aaclMtaa gtnarally fall baewaan thoaa for 
tha aulcl-hit and sultl-ataga nodala. Tha Waibull la alao battar 
dafitiad aathaBatically than tha Uttar aa dlacuaaad In Chapttr 2. 

Paraaattra of tha baat-f it, laaat aquaraa curvaa for tha ont-hi t 
and Waibull aodala wart datanainad with tha aid of DTHACOMP, I near- 
poratad*# aottvara packaga, Hagraaaion H (PAIUPtT)t on >in Appla tl 
Coaputar. PARAFIT aaploya an itarativa proeadura in lea ragrasaton 
analyaia to arrJva at tha pa rasa tar a of tha baat» laaat*aouaraa curve 
of tha funiTtional fom antarad by tha uaar, Eafi'drad inputa from tha 
uaar inciuda nn uppar limit on tha nuabar of itaratlontt initial aatl-' 
aotua for the paraaatara and an approxiaata ordar of uncertainty in tha 
aatiaataa. Tha number of itarationa waa Incrtaaad and now paraaotar 
aatiaattts wora ancarod until a atabla value for tha atandard daviation 
of the ragreealon waa obtained. 

Paraaatar* of the maximum likalihood fit of the probit modai were 
aatimatad by the method of Bliaa (193d). the method ia an iteratlvo 
weighted ragreaaion procedure. Brief Xy, the data are plotted on a log- 
probability acala, using log unite for dose* and probit units for per- 
cent ragponse. Tabiea from Finney (1952) were used to convert the 
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p#re«nt r«ipofi»ii tilctfctly in£o probic*. A pro¥ttion«l Un« W4» cti«n 

to eh« pulnt* by 4nd provitlomil Hr thr/ 44t« 

point* on tbft bntlt of thin lino woro 4«ttniin«ii. A Mrl«« of cnlcu- 

Utiokin (lr*r4tion) »r« porfomod with th« provinlonnl wtighti «mt 

probiio* which result :n a corractad lina elosar than tha provisional 

to the actual aaxiawa liWalthood lina* If tha corractad Una is cl os# 

2 

to tUv provisional lina* as datarainad by a X tast, no further coapu- 
tatioiis ara nacassary, U not* tha corractad Una bacomas tha provi- 
sional lina and tha itaration is rapaatad as of tan as nacassary 
(Hawiott and Placket t , 1979), 
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Mouti B«h«vtara| Data 

Quantal Don-Raaponaa Curva tot tha Initial lahavloral Changa 

Data obtainad by Wiriilow (L9S1) on tha af facta of CO on aotlvatad 
behavior utim tha poXa-Ju»p apparatua, ara raprintad In Table 1. The 
dove of a toxicant adminiatacad during an acuta inhalation exposure Is 
coaaonly axpraaaad aa a concent rat ion- tlaui (CT) value; CT Is the pro- 
duct of tha toxicant concentration in ppn, and tha duratlan of <.>xpo- 
aure in ninutaa. If the CT value adequately daacribea the dose of an 
Inhalant, then the CT at which a specific toxic response is observed 
should be approxlmattly constant. However, Ulntlow observed that CT 
for tha Initial behavioral change was not a constant. He suggests 

that A batter description of the dose at which the initial behavioral 

0 3 

response occurs Is CT * ; the concentration of CO is therefore of 

0 3 

greater Import than the duration of expoaura. Tha CT * value 
(listed in column 5) at which the behavioral response occurs will 
rafter be considered as the dose of carbon monoxide administered. 

By definition, the Initial behavioral change is an all-or-none 
event, l.e., a quantal response. Figure 17 is a frequency histogram 
which relates the dose of CO, expressed as a CT value, with 
response, the number of Individual mice exhibiting the initial behav- 
ioral change at that dose. Arbitrary dose- Inc re meats were chosen such 
tnat all animals responding within a CT^*^ range of -00 ppm-ainutus 
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TABU I 

Suwuiry of Hotivottd ioHovior Clitngoo 
Obt«r¥«d Dtirint Acuet CO Bxpoourtt ^ 


Experluant 

# 

initial 

Behavioral 

Chamt 

CT 

(ppm-min) 

TiM to 
Initial 
Behavioral 

Chania 

<«io) 

Avara$e 

[C0| at 
Iritial 
iahavioral 

Change 

(PP»> 

Initial 

Behavioral 

CtO.3 

(ppm-mlfi) 

M-2A 

7203 

2.2 

3274 

4148 

M-19 

11866 

5.5 

2X57 

3597 

OB-3 

10125 

4,5 

2250 

3533 

M-20 

11187 

5.8 

1929 

3269 

OB-6 

9503 

5.3 

1793 

2957 

08-5 

11544 

7,0 

1649 

2956 

H-16 

10428 

6.4 

1629 

2843 

M-8 

U792 

6.4 

1404 

2659 

OB-8 

11544 

8.4 

1374 

2602 

M-17 

11347 

8.2 

1384 

2602 

OB-9 

6972 

4.2 

1660 

2553 

OB-7 

10882 

8.0 

1360 

2538 

M-21 

14043 

11.6 

1211 

2526 

M-12 

5652 

3.4 

1662 

2399 

M-6 

9500 

/ * 2 

1319 

2385 

OB-2 

8183 

6.0 

1364 

2335 

M-5 

9000 

6.9 

1304 

2328 

M-16 

13510 

12.4 

1090 

2320 

M-15 

15367 

17.0 

904 

2U5 

M*7 

3925 

2.5 

1570 

2067 

M-22 

5433 

4.5 

1207 

1895 

M-.'*3 

10360 

12 * 3 

842 

1788 

M-13 

6832 

6.8 

1005 

1786 

OB-i 

9830 

12.0 

819 

1726 

M- 14 

9349 

11.7 

799 

1671 

M-U 

e 

4181 

6.0 

697 

1193 


^ Data reprlntod from Winaiow, i98l. 


* Experimant and M-26 w#ra omitted since times to initial be- 

havioral Change and to loss of escape were not consistently re- 
ported, precluding the determination of CT^*^ values. 





50 


Tho frequency histogram showing tho r lonship betwttn the dr.se of carbon monoxide and the 

initial behavioral change resp<»nse is shown. Mice were continuously exposed to various concentrations 
of ro until the initial i»eiiaviora1 chance occurred. The CT^*^ value at which each animal responded is 
recorded in Table 1. All animals resp«;nding between CT*'* ^ int ronicnts of 2fK) ppm-irinutes were grouped 
together. Original data con.piled by Winslow 
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vMira grouped 6<^eth«r, Thue, it cen be seen tliet one aouae diapleyed 
the initial behavloraA change between carbon aonoxtde CT^*^ vatuea 
of 1000 to 1200 ppm-^inutea, no alee dl flayed the initial behavioral 
charge between CT®'^ valuea of UOO to 1400 ppo~alnute«, atcetera. 

Figure 18 la the <|uantal doae-reaponae curve obtained by a cuauta- 
tlve auaaation of the frequency hlatograa In Figure 17. Thit trana- 
fotaatlon la deacribed by Hewlett .. id Placket t (1979). The curva ta 
the ceault of adding together the nuaber of aniaala exhibiting the 
Initial behavioral change at or below a given carbon nonoxide 
value* and converting thla nunber to e percent44i;e of the total number 
of aninali tested (n « 26). The data are presented in tabular fora in 
Appendix 1. The percent of aniaala responding at a given dose here- 
after will be equated with the probability of response at that same 
dose. If 80S; of a teat population rasponda at doaa x» the risk or 
probability that any aember of the population will response at dose x 
la also 80:i or 0.8, provided the teat population la an accurate sample 
ot the entire population. 

One-hit, Problt, and Wetbull Models Fitted to Initial gehavioral Cnai^e 
Data 

Figures 19, 20* and 21 represent respectively the best-fit curves 
of the one-hit, probic, and Weibull models to the quanta! dose- 
response curva generated in Figure 18 from the Initial behavioral 
cnange data. The best, least-squares fit of the one-hit and Weibull 
models was determined by the PARAFIT program. To prevent an overflow 
in the Iterative program, it was necessary to divide the carbon 




•lantal lJosc--F«rspcins»- Curve for Initial behavioral Change Iiat^. 






Probit Model Fitted to Initial Behavioral Change Pata. 
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by 1000 for cbtoo ewe «o4«li, Tho muiimxm 

UkoUHooii fie of eho ^robie ooAol 4teoraiiio4 by eho Mehod 

doicribod by ili«» (1930). Tho oolotsloeloot tnvolvod tii eho fteeiii| 

of this profile lint art Includod In Apptndix 2. 

Tho tquaelont of eho btoe*fU eor¥oa for eho oodola art atuoMrliod 

In Tablt tl. For tach carbon nonoxldo CT®*^ valuo aaaoclaeod vleh 

an obatrwid probability of maponat froo elm initial bahavioral chanav 

data (Appendix 1). an oxpacead probability of reapunac la calculated 

uiinji etMia oodal eqaaclona. Tho axpaccad probabUitlaa of raaponat 

0 3 

aa a function of carbon oonoxlda Ct * , for the onf’*hit, probie» and 
WalbuU oodaia art iivtn in Appendix 3, 4. and 5. Diffarencaa batwaan 
obaarvad and axpactad probabiUciaa of rai^onaa wera ehan anatyred for 
aacn oodal. Tha chi^aquara valua, a aaaaura of tha goodnaaa of fit of 
tna oodal to tha Initial behavioral change data, la reported in coluon 
) of Taoia ll. 

Tha carbon oonoxida value agaociatad with a probability of 

I in 10^ of tha initial bahavioral ra^aonaa occurring, la dataroinad 
by extrapolation. The value p radio cad by each of tha oodaia aa tha 
doaa of CO corraapondlng to thia vary low rltk. it liatod in coluon •« 
of Table U. 

t)uantal Doae Rat^onaa Curve for tha Loaa of Sacapa 

Tha data obtained by Wlnalow (1981) which relate loaa of escape 
fiahavior aa a function of carbon oonoxida concantratlon and axposur** 
duration are reprinted in Table III. Again, tha CT®*^ value pro - 
videa a batter description of tha doea of CO. ainca the Ct0*3 
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faMMirv of Notlv«e«4 Ithavlor Chaagta 
ubitrvoJ During Acuft 00 Ex))oaur«t ^ 


Exparimant 

# 

Lott of 

Stcapa 

CT 

(ppm-min) 

Tima to 
Lota of 
Etc i^a 
(min) 

Avaraga 

{COJ 

at Lott 

of Eaeapa 
(P9«) 

Loat of 
Eaeane 

(ppm-min) 

H-24 

7203 

2.2 

3274 

4148 

OB-3 

11913 

5.5 

2166 

3612 

M-19 

11866 

5.5 

2157 

3597 

01-9 

U924 

6.9 

1988 

3486 

08-5 

14387 

8.2 

1755 

3299 

M-20 

11187 

5.8 

1929 

3269 

H-21 

29286 

24.0 

1220 

3165 

01-2 

13361 

7.9 

1691 

3144 

H-12 

9079 

4.6 

1974 

3120 

OB-7 

15267 

10.3 

1482 

2983 

OB-6 

9503 

5.3 

1793 

2957 

M-18 

10428 

6.4 

1629 

2843 

OB-8 

13820 

9.7 

1425 

2817 

M-16 

20138 

17.1 

1178 

2761 

M-8 

13241 

9.6 

1379 

2718 

M-U 

20497 

18.6 

1102 

2649 

M-17 

11347 

8.2 

1384 

2602 

»M-15 

22074 

23.2 

951 

2442 

M-b 

9500 

7.2 

1319 

2 385 

M-5 

9000 

6.9 

1304 

2328 

M-7 

3925 

2.5 

1570 

2067 

OB-1 

14915 

17.0 

877 

2052 

M-13 

15891 

19.7 

807 

1973 

M-22 

5433 

4.5 

1207 

1895 

M-23 

6332 

6.8 

1005 

1786 

M-14 

9349 

11,7 

799 

1671 


^ * Data reprincttd from WinaXow, 1981. 


* Exparloont: #H*25 and M~26 wera omitcad tinea timet to initial bo" 

havioral change and to loat of atcapa ware not constatantiy re** 
ported, precluding the dacarmlnatlon of valuea. 
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eorrvapondiflg to Iom el teeipe ere sore oeeriy eenetent thee 
•re eh^ CT veluea* 

figure ZZ refreeeete the fre^tieeey hiecotree iertved Iroe the 4eee 
in Teeie III. The manher of elee diepUyiet the qtienui rei^nte» 
ieee of eeeepe. Cor eeeh eueeeeeive eerbee Boiioxide CT^*^ inerteent 
of *00 ppar^einutee ie plotted* The ^ueittel doee**reepoeee curve 
reaultihg Cron the emiuletive eueMtion of this freq^eiiey hiatogreai ie 
enoen in Figure 25. The dete pointe of figure 23 jqspuer in tehuler 
fore in Appendix 6. 

0ne*Hit. Fro bit, end Welbull Hodele fitted to Loee of Eecepe Dete 

The beet-fit eurvee of the one-hit, probit, end Veibull nodeXe 
^plied to the loee of eecepe dete (Figure 23), ere grephed in Flguree 
24» 25, end 26. The perenetere of the one-hit end Veibull nodele were 
deterained ueing the FAKAFIT progrea; to prevent progrna overflow, the 
CT^*^ veXuee for CO were divided by 1000 before fitting theee func- 
tione. The probit aodeX wee fitted aeiene of e aexiaua likelihood 
eetinetlott procedure euggeeted by Bliee (I93d>; the ceXculetione re- 
c^uired by thie method arc lieted in Appendix 7. 

The aquetione which beet deecribe the beet-fit curvo for each 
model ere given in Table IV. The expected poeetbilltlae of reeponee, 
calculeted from the model curve equetione as a function of carbon 
aonoxide CT * , are given for the three nodels In Appendix B, 9, and 
10, The cht-equare values, indicatlt^ the, goodness of fit of tht* 
model curves to the loee of eecepe obeervatlone ere Included In Tabic 
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-Hit Model Fitted to toss of Escape Data. 
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WiWJTV 
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« iSNOdSia 40 AiniflVIOIM 


E&cape Data. 



WeilMjtl Model Fitted to Loss 





Analysis of One-Hit, Probit, and Helbull Models 
Fitted to Loss of Escape Hata^ 
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pam: Ki 
OF POOR ooALrry 

IV. Th« t«bl« «lto lists ths sxtrspolsttd vsluss of tbs doss of CO st 
wbleh s vsry low risk (1 in 10^) of lots of ssc<i^>s is sxpsctsd. 

Rst Physiological Dsts 

Iff tees of CO on Ssrua Ensyas Activitisst Crsdsd Rstponss 

Tsbls V suiflmsrlzss ths sssn ssrua setivity Isvsls of Isctsts 
dshydrogsnoss (l.0H)» sip hs- hydroxy butyrsts dthydrogsnsss (HBDH), and 
ersstins phospnokinas# (CPK), in rats two hours after 20-«lnut« sxpo- 
turss to various concentrations of CO in air. The control group of 
rats consists of ssvsn previously untreated rats and seven sham*treated 
rats* Shaortreated rats were restrained In the animal exposure chamber 
for 20 minutes, during which time they Inhaled room air. Ko statisti- 
cally significant difference was observed between mean enzyme levels 
of untreated and sham-treated rats (two-tailed T test, 95% confidence 
level). 

Figures 27, 28, and 29 represent the graded response curves 

generated from the data In Table V. The intensity of response (the 

amount of enzyme present in serum) varies as a function of the dose of 

0 3 0 3 

CO, expressed as a CT ' value. The CT * relationship was chosen 
to express the dose of CO in order to maintain continuity with the 
mouse behavioral data. However, for the purpose of measuring the 
physiological responses of rats to CO, the exposure duration was 
always 20 minutes; since T is constant, CT is directly 
proportional to CT. 



Sumary of acute effects of CO on seri« enzyne activities 


ORtOtNAL PA^ IS 
OF POOR QUALITY 


67 


cn 

+ 1 

K 

M i«-S 

• 

•rt U 

u V 

^ • 

*•4 

4! 

•K 

oS 

M ■ 


I 


I 

§ 


£ 


s 


*>4 


OJ 


f*. 


Ol *<<4 


41 


'>0 vO 

• • 

«»» iM 
CS) pH 


41 


fs to ^ O 


4{ 


Md 0^ 

sa 

4| 


h<. IX. 
• • 

SS 


w r» 

fH rt 
«*' 

41 


«0 

• • 

lA fx 
9k ^ 


4 I 


41 


9> <Tt n 


•H rs, 

*v iH 

4 I 


lA <n 

» lA 

4( 


§ 


$ 

•V 

41 


fx IX 
i • 
«H lA 

O «A 


fx (A 

t • 

<N 

© tA 


lA A* 
<N Os 
tx IM 

41 


A4 lA 

t t 

*A M 

93 93 


41 


Al lA 
« • 
O' lA 
lA O' 

"'41 


W 

a 

IH 

I 


JUfPS 



i 

px 

(A 

lA 

CA 

Cl 



0 

0 

0 

0 

3 ♦ 

•H 



pH 

pH 

■H 

pH 

Q «0 

^ 2 h 

f 

8 


0 

X 

X 

X 

X 

0. 0 

a 



A 

M 

pX 

sO 

X 




O' 

•» 

(A 

ST 

U3 

w 



• 

• 

t 

f 





A1 

sO 

0 

Al 







-H 

PH 

«> 1 

B 







t bO C 

0 







a <u 


n 

0 

Al 

CA 

CO 

i**4 

1 M 0 u 

M U 

a 


0 

»H 

9> 

Cx 

; U © C 

0 

a 


CM 

v9 

pH 

© 

> 0 

< 0 

U 

w 

w 


lA 

Al 


\r\ 

0 B 

b ® 

9 fH 








tl) wl 

B 


0 

0 

© 

0 

0 

S.2^ 

•*H 

a 


Ai 

Al 

Al 

Al 

AJ 

X 3 

w 







W Q 

PX 







0 

B 







X 

•A 







8 ss £ 

o> a 


0 

Al 

<A 

© 

•t 

fA 

lA 

<N 

• 

CA 

»A 

O' 

• 

lA 

Al 

HT 

* 

rS 

0 * 



•0 

Al 

CA 

pH 

M 

w 



Al 

lA 

90 

s 

u 








e 

i 



pH 





•H 

n 



0 

u 




U 

01 



u 




p 

a. 



B 

.2 

1 

vA 

1 

? 

-H 

1 

W 



0 

0 

U 

0 

0 



4H 



(0 
e o 
, u w 

0 3 

« c 
e 

*-« s 


>ie 


under standard conditions 



lOH ACTIV1 TT mM/mI 


61 


1 ^1 


200H 


100 H 



CmtQINAt fAQI It 
OF POOR QUAUTY 



' I r”T" I 

sooo 

CAUON MONOXIDi 



T T ’ — r 

10,000 

ppm<*min 



X(n*6) 


T I 


Figure 27 

Graded Reiponee Curve for Serum LDH « - 
Activity as a Function of Carbon Monoxide CT'^' 

Serum lactate dehydrogenase activity in rats, two hours after a 20 
minute exposure to various concentrations of CO in air, Values plotted 
are mean + 1 standard deviation; n » number of rats in sample. 
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Figure 28 

Graded Response Curve for Serum HBDH . « 

Activity as a Function of Carbon Monoxide CT^* 

Serum o-hydroxybutyrate dehydrogenase activity in rats, two hours iftet a 
20 minute exposure to various concentrations of CO in air. Values plotted 
are mean ± 1 standard deviation; n * number of rats In sample. 
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Figure 29 

Graded Response Curve for Serum CPK - 
Activity as a Function of Carbon Monoxide Ct^* 


Serum creatine phosphokinase activity in rate, two hours after a 20 
minute exposure to various concentrations of CO in air* yalues plotted 
are mean ;;f 1 standard deviation; n « number of rats In sample. 
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gfftctt of CO on 8»ru» Iniywc Acttvitiia^ Qimnfl ttipow 

In order ro tranffom ch« graded reaponse eurvaa of Figuraa 27, 

28, and 29 into quancal doat-raaponaa ralationahipa, a raaponaa 
criteria waa aatabilahad. Tha ericaria ehoaan waa an iticraaaa in 
aarua anayna activity graatar than or equal to tha obaarvad Man con- 
trol value 4> three atandard davUtiona (Table V), Thua, an individual 
rat would have ahown a raaponaa to CO If it had a poat-axpoaura, aaruo 
anryna activity graatar than or equal to a value of 58.4 niTU/al for 
IDH, 57.3 nlU/«l for HBDH, or 127,6 »IU/»l for CPIC. Tha raaaona for 
this choice of criteria are tha following. Praaumably, diffarcncca In 
aaruu anzyaa activitiaa of control rata are the raault of normal bio- 
logical variability and not profound differences in health. The range 
of serum enzyme activities observed in the control sample will thus be 
defined as normal, and values outside this range will be considered a 
significant response. If serum enzyme activities in the healthy rat 
population are distributed normally, then only 0.2% of the means of 
equai-aized samples from this population would be expected to have 
enzyme activities which fail outside the range of values given by the 
mean ^ tnree standard deviations. Also, none of the observed serum 
enzyme levels of Individuals In the control sample fell outside the 
range designated by the mean three standard deviations; this was not 
the case if ttie mean + one standard deviation or the mean + two stan- 
dard deviations was subBtituted for the response criteria. 

Tables VI, VII . and VIII summarize the results of quantal analysis 
of the serum enzyme data using the response criteria. The enzyme data 
is now expreSBed a terms of the percent of the population responding, 



mmNL MQf It 
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TAIU VI 

Quftne«l AtMlytit of Incrooios in torus UM AeetvUy 
Occurring in lotponoo to Corbon Nonoxldo 


Exporioont 

Cor bon 
Monoxide 
Ct<J» 3 
(pps-stn) 

0) 

Nusbor of Koto roiponding 
i^ibor 6i ^ 0^0 tiibod 

Probobllity 

of Reoponit 

C-4 

2.95 X 103 

3/11 

0.273 

C-5 

6,42 X lOl 

7/10 

0.700 

C-o 

i0.31 X 103 

9/10 

0.900 

C*i, C*2 

12.46 X 103 

6/6 

1.000 

* Rocponio ii 

to tho scan 

defined 00 o oerus U)H oetivity grootcr 
control volue * 3 otondord dcviotlono 

then or equel 



OmOMM. MOK M 71 

or POOR QUMJTV 

T»U VII 

Qu«nCiX Analytit of IneroaMt tn loros HIDH Activity 
Oeeurrifli in Xoipoooo io Carbon MonoxUo 


Exporiaont 

Carbon 

Monoxido 

Ct0,3 

(pp««aln) 

Kuabor of rata rooponding* 
itoibof bl #atb toiiod 

Probability 
of rttpontt 

C-4 

2.95 X 103 

3/U 

0,273 

C-5 

6.42 X 103 

9/10 

0.900 

c»o 

10,31 X 103 

10 /lO 

1,000 

C"*l, C"2 

12.46 X 103 

6/6 

1.000 


* Roiponao it difinod at a torun HBCH activity groator thnn or equal 
to thtt aoan control vaXuo * 3 ttandard doviationt 
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TAIV4 vm 

QiMaetX Aimlyflt of loorootot in Sormi CIK Xetivifey 
Oeettrfiog in itfpofioo to Carbon Konoxido 


Ixporiaant 

Carbon 

Honoxldt 

CtO.3 

(ppa-*nin) 

liuBbtr of ratt rotooodlng* 

-wmf '61 iku mm 

Arobability 
of raepontt 

C-4 

2.95 X 103 

4/11 

0.364 

C-5 

6.42 X 103 

U/11 

1.000 

C-6 

10.31 X 103 

10/10 

1.000 

C-1* C-2 

12.46 X 103 

7/7 

l.OOO 


* Ao^^onio it dtfintd tt a ttrua CPK activity fraattr than or equal 
CO tha iitan control valut 4> 3 ttandard dtviationt 
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or eh* probability of raaponaa* aa a function of tha carbon nonoxida 
CT^*^» and can thua ba appliad to tha thaoratieal, doaa«*raaponaa 
■odalc. 

Ona*Hit, Probit, and WaiboU Modalt Fittad to Saruia Entyaa Data 

Tha baat-flt curvaa of tha ona-hit» probit, and tfalbulX aodala to 

tha quanta.?, doia-raaponaa data for aarun LOH (Tabla VI) ata plottad in 

Piguraa 30, 31, and 32, raapactivaly, Piguraa 33, 34, and 35 rapraaant 

tha baat*fit curvaa of thaaa functions to tha quantal doaa*rasponse 

data for HBDH (Tabla VII), Hovavar, it did not aaan approprUta to 

apply thaaa modals to tha quantal data for CPK (Tabla VIU). With 

only ona intarmadiata raaponaa rata obsarvad (all other response rates 

vara 100%), tha error In estimating tha critical parametars in tha 

modal aquations is potentially vary large* 

Tha equations which describe the best-fit curve of each modal to 

the quantal enzyme data are given In Tabla IK for LDH, and in Table K 

for HBDH. Tables IX and X provide a summary of tha goodness of fit of 

0 3 

each model, and the predicted carbon monoxide CT expected to pro- 
dues a response r;*te of 1 in 10^. Values of expected versus observed 
response rates for each model fitted to both LDH and IDBH data, are 
given in Appendix 11, 12, 13, 14, 15, and 16. Calculations Involved 
in Che fitting of the problt model to the LDH and HBDH data are found 
in Appendix 17 and 13. 








*The response Is an LDH activity > nean control value + 3 S.D 




*The response is an HBDH activity ^ mean control value + 3 S.D 
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Analysis of One-Hit, Probit, and Weibull Models 
Fitted to LDH Sertan Enzyne Data 
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tltctroeardloKwhlc tncl K«ipir»tory In IUiipoivm to CO 

Mot •nought r«plieat« roeordt vtr« obt«in«d to ••e«bllth « dost* 

roiponf* ralntlonthip for •Itetroenrdioirophio or roipirotory ehd(««g 

•• • function of CO. Howtvor, th« following chang«» in th«n« phy»io- 

logicnl por«MitftCt w«r« obitrvod in indlvidiMl r«tg. At • for 

CO of 2950, «n inccoat* in h«art r«t« of l$X r«l«tiv« to control was 

obsorvad, and a d«cr«aa« in rtgpiratory rat* of 14% was obaarvad. At 
0 3 

a CT * for CO of 6420, a haart rata daprassion of 16%, and a raspi«» 
ratory rata dapraaaion of 19% was obsarvad. Ac a CT^*^ for CO of 
10,310, a daprassion of 18% in tha haart rata and a daprassion of 40% 

A % 

in tha raapiratory rata occurrad. At a CT for CO of 12,460, 
heart rata (iapraasions of 50 and 40% war* obsarvad, and a raspicatory 
daprassion of 77% occurrad. Additionally, at a Ct®*^ of 10,310, 
a, 3% lethality was obsarvad, and at a of 12,460, 14,8% 

lethality occurred. 
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At teattd prtvioutly, cht risk cttiMet proetdur* ttvetllt cht 
Collovfing; 

1. ttltcelon of tn tpproprite# txptrlatnttl btoattay 

11. ttltccloA of i fihtorttlctl dott-Mtpontt nod«l(i)» and 
attloaelon of let ptraawttet froa data 

111. aKtrapolation of axparlatntal ratultt to vary low probabilt- 
elat of ratponta outtlda tba axparlaantally obtcrvabla ranga 
of ratponaaf baiad on cha batt*-flc aquae Iona of tha ehoorat* 
leal aodal(a) 

Iv. extrapolation of pradlctad response rates In animals .it low 
dose lavela co man, by tha application of Inteftpecies con- 
veralon factors. 

Each of these steps In the risk aatlisata process will now be addressed 
in turn, as they pertain to tha atclaatlon of a VSD (virtually safe 
dose) for man, based on the behavioral and physiological rasponsat of 
rodents to CO. ’ 

The behavioral and physiological attayt which ware chosen and 
catted with CO, Incorporate a number of Important features relevant to 
risk estimation In their axparimantal designs. The assays provided 
quantitative, dosa-responaa data from two mamma llan specie a and both 
sexes at multiple dosages of CO. Most importantly, these assays 
utilized a number of sublethal toxic endpoints, thus providing a range 
of toxic sensitivities. 
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Th« th«orteieftl 4ota*r«ipoiitf «edti« ehoitn to 1M fitted to tbt 
dott^-rtiponsft d«ca gtritraead {torn fehtta «•••/§, ara rafftiantativa oi 
cha two ganaral eXaaaaa of thaoraeieaX aodalai tolaranea dittribueion 
and hte-thaory aodalt. Tba probie aodai, baaad on tha aaauapUon chat 
toxic chraaholdc ara diitributad nonaUy In a popuiation, Hac baan 
Mora ttidaiy uaad than oehar tolaranea dlacribution aodala* Tba ona- 
hie nodal ia cha aiaplase of hit*thaory nodala* whila cha UalbuU 
nodal ia ona of a nuabar of gtaaraliiaeiona of cha ona-hie nodal. All 
of tha hic-chaory nodala ara darivad fron cha aaaunption of no»Chraah*' 
old» but tha Waibull nodal fiCa data with an i^paranC ehraahold quiet 
wall (Carlborgi I98la). Additionally* thla ttlaccion of thtoracical 
nodala rapreatnea a ramt of conaarvatian. Slnct eh«; rapidity with 
which tach modal ganarally approachaa caro raaponaa diffara, the pra- 
dictad VSDa darivad from tha nodala will also differ, Tha one*hit 
modal it most conaarvativa in thi# raapact; tha problt modal and 
Waibull nodal ara contidarably lata conaorvatlva. 

It la apparanc from Tablaa Il« IV, IK* 4nd K (Results) that tha 
Waibull 4nd probit nodala eonalstantly provide good fits to both tha 
behavioral and phyalologlcal doaa-rtaponaa data* aa detaminad by a 
chl-aquara teat. Tha ona*hit nodal howavar, glvaa only a vary poor 
fit to any of the data sata* and will tharefora not be conaidered any 
furthar for cha purposa of aatlnating human rlaH. 

Tha VSD is by ganaral conaanaua agraad to ba the doaa correspond- 
ins to a rasponae rata of 1 In 10 , and la obtained extrapolation 
of the best-fit* theoretical doae-rttponae curve below the experi- 
aentslly observabla range of reaponaea. By conparlson* the VSDs for 
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rodtnei d*riv«d teom fcha proble aodtl v«rt aor* eontarv«tlv« than eh« 
V8Dt darivad froa tha UaibuU aadal for all but ona of tha toxic 
raaponaat of intaratt (ata Tablai tX| fV, tX| and X). in ordar to 
coaplata tha riaX aatiaata proeata by axtrapolaeini thaaa aati- 
aatad VSDa for rodanta to pradtctad VSDa for aan» tha blolotieal fac- 
tor! whlcii aadlata toxicity auat ba conaidarad. 

Intarapaclaa Variablaa that AfCact Tox^xity 

Of tha many biological procaaaaa which influanct tha ultimata 
axpraaaioa of a toxic raaponaa, abaorption^ matabolitn (whathar da- 
toxiflcation or bioaetlvation), and aUnination art ganarally vary 
important for acuta» inhalation intoxication!. 

During an imialation axp^rura, tha amount of CO which can ba 
abaorbad by tha blood dapandt primarily on tha amount of blood nvall- 
abla^ tna diffualon capacity of tha raapiratory mambrana for CO, and 
the amount of CO available In the lungs during that time (Pace et al. , 
194b). Tha amount of blood available, or the to^.al blood volume, 
varies directly with body weight in mammalian spaclas (SjSitrand, 
l9o2). The amount of CO avallabla in the lungs is a function of 
respiratory rate and tidal volume. The resting minute respiratory 
volume (respiratory rata times tidal volume) for mammalian species is 
approximately proportional to a power of body weight (Cuyton, 1947). 
An experimental estimate of the respiratory diffusing capacity for CO 
In rodents (mice) has recently been reported (Dtpladgt et al., 1981) 
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and vhan adjuacad for body noigteCt ir tba taao ordor of naifiituda aa 
rba valitat obaarvad for huuna (Coburn al» • 1H5) • 

To aaeinaca rha ralatlvo raeaa of u^eaka^of CO batvaan t«fo 
aannaXian apaeiaai Haidana (jldfS) rbarafora uaao tha following 
anpirleal ralacionahlpt 

ratio of rataa of CO abaorptioa » ffyif 

ratio of body waighta 

Si.nea body aurfaca araa in aanaala ia proportional to tha 2/3 powar of 
body waight, thia aquation raduoaa tot 

ratio of ratea of CO abaorption * (ratio of body waighta)"^^^ 

Thiw talationshlp raflacta tha dapandanca of tha rata of CO uptaka on 
blood voiuna and ainuta raapiratory voluaa, both of which vary with 
body waight. By aubatltutlng into thia aquation* thr avaraga waight 
of a nousa (.0375 kg) or rat (.250 kg) uaad in chaaa atudlaa, or a 
rufaranca weight of 70 kg for hunana (7CRP* 1975)* tha following 
Intarapaciaa convar&iona for tha rataa of CO abaorption ara obtained* 

^ oQuaa will abaorb CO approxitirMt^^ly 12 tinajt faatar than a hu:»?.n. A 
rat will abaorb CO approximat^iy 6*5 tinea faatar than a human. 

One a abaorbed* matabolic convaraion of CO via oxidation of CO 2 
la ganarally eonaiderad to occur in only nagliglble anounta in mammals, 
although potential CO aatabolian during acuta CO intoxication is not 
wail atudied. During prolonged ixpoaur# (4 daya) to low concentrations 
(70090Q ppm) of CO, tha alow dia^qipearanca of CQ from the blood via 
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oxidAtlon has hatn obssrvsd In »ics (loot, 1965), and has bssn s^si- 
Isrly rtportsd co occur in aum (Forbts ill • » 19AS). In huaans, fol > 

lowii« InhslstloQ of isris, singls dosss of radlcUbalisd C0» Tobias 
and assoeiatss (1945) obssrvsd that lass than O.IX of ths aaount of CO 
slieinstsd froa ths blood during ths first hour post-sxposurs was 
oxidissd to CO 2 . 

Ths aajor routs of sliaination of CO froa ths body for all 
aamaiian spsciss Is gas txehangs via ths lungs* Carbon aonoxlds is 
rslsassd froa ths lungs by diffusion across ths rsspiratory asabrans 
ones ths partial prsssurs of CO in physical solution in the blood 
sxcssds ths partial prsssurs of CO prsssnt In ths alveoli (Forbos st 
a I , , 1945). Thus, ths saas factors which govern the uptake of CO in 
ths blood are rasponsiblt as wall for its removal. It is interesting 
to note that ths averags carboxyheooglobin (COHb) haU-Xif*? of 250 
minutes for man (Root, 1965) is approximately 11 times greater than 
the average COUb half-life of 23 minutes for mice (Winslow, 19bl). 

This eleven-fold faster elimination of CO in mice relative to man Is 
consistent with the twelve-fold faster uptake of CO In mice estimated 
previously. 

Estimation of a Virtually Safa Ooss of Carbon Monoxide for Man 

Based on ths prsesding discussion, it is apparent that a conver- 
sion factor to account for intsrspsciss differences in rates of CO 
aasoiption should be included in the risk estimate procesa. Since 
metabolism of CO, at the low rates generally reported for mammals, is 


C - ^ 
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vxptcttid to liliiiiMl durifK vtry brivf •xpo«ur» dur« clout »tieh «i 
wtrt uted iu chtftt txp trill* net, no ooftvtrtlon ttecort for otCtbolUn 
will bt applltd, AidUlontlly, tUAiniUion of CO from Ih* blood 
thould not occur to tny •ubtcnncltl dtgrtt during Cht count of tht 
tcutt txpoturt whllt CQ !• b'lng conCinuAlly tuppUtd in th* Intpirtd 
Air. Under chtit condicionti eh* tmounc of CO in tolutlon in th* 
blood should tvtnCuslly corns to an tqui librium which would not dlml* 
nf,ib signit icnntly until tht CO supply in tht Inspirtd air was d«* 
ertessd or stopped, tti th* cast of th* iious* bahavioral assay, both 
toxic endpoints develop during the course ot exposure while elimina'" 
t ion of CO from the blood is not an in^iortant consideration. However, 
even tnough the serum enzyme responses ers me.)sursd two hours post** 
exposure, during whlv*U time a large portion of CO Is undoubtedly 
eliminated, they are presumed to be an index of the Ir reversible 
cellular damukte initiated during the acute exposure period. The 
appearance of these enzymes In extracellular fluids following CO expo- 
sure is a time-dependent phenomenon (Penney and Maziarka, Ihtpi and 
serum aotlvitv levels continue to increase for ievernl hour* post- 
exposure, despite large decreases In blood CO concentration during the 
same time period. Therefore, no conversion factor for elimination 
will be applied in the risk estimate Co follow. 

Tne inierspfcies conversion factors for relative <:o,absorpt ion 

rates represent a tlma factor, and aa auc-h, must be raised to the d. l 

0 3 

power to maintain consistency with the Ct units in which the 
rodent VSD estimates are expraited. The 12 tlmis f.tster uptake or' CO 
in mice versus man becomes a factor of 2.1; the b.5 times faster 
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upfcak* ct CO in rats varsui nan baeowia a faefcor of 1.8. Slnca cNi 
faatar raci^a of abaorpeion of CO in eha ro4ant apaelaa tapiy graatar 
aantltivity at aquivalant CO axpoauraa, thtaa factora auat ba aulti* 
pliad by tha appropriata rodanc VSDa to arriva at aatiaataa of vsDa 
for aan. tha ratulting pradictad V8Da fo: aan baaad on aach of tha 
toxic raaponaaa of intaraat ara auaaarisad in Tabla XI. 

Additional aafaty factora to allow for intarindividual variability 
in CO uptaka and aanaltivity would naeaaaarlly ba conaidared for tha 
purpoaa of aatablialfing ragulatory guldaltnaa. Howavar, for tha pur- 
pora of axaninlng how wall huaan riak aaclwataa axtrapolatad from 
bahavloral and physiological rai^onaaa In rcdanta corralatt with 
availabla data on human raaponsaa to CO. no arbitrary safaty factors 
woru includad In the pradictad husian VSOs. 

Gompariaon of Predicted Human VSDs with Acuta Responstst'. to CO In ?tan 

Only a few quantitative studies of the acute affects of CO in 
humans ara avilable at the range of CO concentrations in which the 
rodent tests were conducted (i.a. , 700 ppm and greater). It Is impor- 
tant to consider only similar acute CO exposures In man since there is 
evidence that the rate of CO saturation In the blood affects toxicity, 
PlevDva and Frantik (197A) compared the motor performance of rats at 
equivalent (X)Hb levels which were reached unout different exposure 
conditions* Rats exposed to 700 ppm of CO :‘or 30 minutes developed a 
COHb level of 19. 6X and displayed a decrement In motor performance of 
oUX, while rata exposed for 24 hours to 200 ppm of CO developed a 
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•Itghcly hign«r OOHb of 22.iXt diij^layod i doeroatnt ia aotor p«r* 

fonutftct of only 33%» Alcisough eh« COHb lovtli did nob dlffor stint* 

0 3 

etcsnfcly in sttHsr csss, ths CT vsluss for sxposurss wsrs dif* 
fsrsnt. Ths CT^*^ vslus for CO sssoeisesd with grssesr dscrsmsnt In 
Mocor porfomaiw# is 1942, whlls ths Issssr dscrsssnt wss obssrvsd st 
s CT^*^ of 1772. Ssppiinsn and sssoetstss <1977) sioUsrly suggsat 
that ths rsts of COHb ssturstlon influsoesd ths ssnsitivtty of s tsst 
of visual psrcspcion in humans. 

Ths human studiss rsportsd in ths litsraturs which involvsd CO 

sxposurss of 700 ppm or grsatsr ars summarltsd in Tabls Xtl, Ths 

first fivs studiss wsrs eonductsd at avorags Isvsls of CO s«|aivalsnt 

to thoss csstsd In ths mouss bshavloral and rat physiological assays. 

Ons of the studiss (Pace «t l94d) was intsndsd as a CO absorption 

study for the development of an aquation for ths race of COHb forma” 

tion. Unf ortunatsly, no subjective or objective tests of toxicity vers 

conducted or reported, although presumably the CO exposures tested were 

survivable under the experimental conditions given, the last two 

studies were conducted at exposure concentrations of CO up to 10 fold 

greater than were tasted in the rodent assays. These exposures were 

of a necessarily short duration, usually less than 2 minutes. 

It is apparent from the predicted VSDs for man reported In Table 

XI, thit the rodent assays present a range of sensitivities to the 

effects of CO. Intuitively, one would expect to see a progreselon 

from cellular Injury (enzyme release) to a moderate psychomotor change 

(initial behavioral change) to a severe psychomotor deficit (loss of 

0 3 

escape), as the carbon monoxide CT * value increates. The VSOs 
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predicted for mun on Rli« bosis of rho rodont d«t« rofXoec ehlo roll- 
clonohlp^ th« VS0 dorlvod f ro« chongoo in ■•rua oniyat aecivttloo it 
iowtr than chtt for Mm initial bahavioral ehangat whieli ia in turn 
iuwor than th« VSD aititMtad froa lota of atcapa* A ranga of toxic 
aanaitivitiat can alto ba obtarvad In cha huatn data raportad in TabU 
Xllt although tha toxic ratpontat raportad dlffar quaUtativaly Croa 
thota naaturad in tha rodant attaya. 

Tha higheat VSO attiaata for aan (CT®*^ • 2400) which waa 

obtainad uaing tha UaihuU curva for tha loot of aict{ie in aico (Tabla 

0 1 

XI), it about tha taaa at tha CT * valua at which HcFafland ;19/3) 
raporta a nurgitui^y aigtilf leant changa in a conplax ptvclionotor tank 
in humana (table Xll). Tha paychonotor taak tattad in McFarland'a 
study conaiated ol two supariapoaad tatka; ona required preaalr^ an 
appropriate foot awitch ttt raaponta to one of two lighta, and the 
other required preaaing appropriate finger switchea in reapouae to one 
of aix lighta. 

A 1 

By cumparljon, the higheat eatiwated VSt) of 2400 (CT * ) might 
appear too conservative with reapect to the laat two human atudiea in 
Table II, in wliich values for CO of from 15,600 to 61.577 

were tolerated. However, there la an Important difference in the 
exposure conditions for the mouie behavioral aaaav versus the exposure 
conditions for the majority of the human atudies, in the former case, 
the mice are freo-ruanlng and must perform coordinated motor tasks 
tpole-jumpa) under streaaful cundltioni (Winslow, 1981); in the 
latter, human aubjecta are usually at rest. 
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Xn MMuiit, eh* aioue* r«fpir«eory voXua* it ••ntieiv* to boch 

•es*«t and Mount of activity ot work. Th* ainuto voluao aay inerouo 

by thro* fold with light work (walking on a laval) and up to five fold 

undar condition! of haavy activity (alow jog trot) (Forbaa at al. , 

1945). Sinca incraaaing th# ainuta raapiratory voluaa proportionally 

incraaaaa tha rata of CO abaorption (Paca at ajl . , 1946, Porbaa at al. , 

1945), aubjacta at raat would not abaorb aa auch CO aa aetiva or 

atraaaad aubjacta at aquivalant CO axpoauraa. tharafora, aubjacta at 

0 3 

raat could tolarata highar carbon aunoxida CT * valuaa without 
apparent toxicity, fiacaping from a fira anvlronaant would undoubtedly 
invol'a aoaa dagraa of atraaa and activity; the pradictad VSO for CO 
anould tharafora ba conaarvativa enough to taka thia factor into 
account. Evan greater conaarvatiaa would be afforded by uaing the 
problt model VSD for loaa of escape, or the VSOa predicted on the 

basis of the initial behavioral change or enzyme release. 

0 3 

Since the VSDs have been expreaaed aa CT * values, the concen* 
tration of CO which would be virtually safe for a given length of time 
can be calculated* For example, for the loss of escape VSD of 2400 
ppm-’isln, one would predict that an exposure of 2400 ppm of CO for I 
minute would be virtually safe, as would an exposure of about 1480 ppm 
for about 5 minutes, 1200 ppm for 10 minutes, etcetera. Such calcula* 
tions are necessary when considerii^ the toxicity of combustion expo- 
sures where the amount and type of toxicant generated aa well as how 
rapidly It Is evolved varies. 

Interestingly, Book (1982) has recently suggested a procedure for 
scaling the acute lethality of inhalation exposures of nitrogen 
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dioxld* (NO^) obttrvtd In nnlMli to mu, look found choc cbo oxpo* 
ouro durociono «fu.‘ NO 2 eoneonerociono oiooeiocod wlch lochoUcy 
froquoncy doca froa 5 onlnol ai^ocioii nouoo, r«e» gitlnoo pig, rubble, 

A 24 

ond dog, wort boac doscribod by poi#or funeciona ronglng fron CT * 

0 3 0 28 

CO CT . Tho ovorogt voluo ehooon by look, CT * » co oxprooo 

chlo rolaclonshlp for non la in good agroooanc with cho CT^*^ roU* 

Clonahlp aacabliahod by tflnalow (1981) for CO. Addicionolly, a linaar 

ralotlonahlp waa obaarvod for tboaa 5 apociaa bacwoon cho avarago 

0 28 

niouca raapiracory voXuaa sulcipliad by cha Ct * valua for HO^ 

laChalicy lor aach apaeiaa, and avaraga body waighc. On thia baaia, 

0 28 

Book pradlecad cha CT * valua for NO 2 laChalicy In nan would ba 
2,1 fold graacer titan ehac for aica, and 1.5 fold graacar chan chat 
for rata. Thaaa valuaa ara in good agraanant with cha Intarapaolaa 
convaralon faccora of 2.1 for nic? to man, and 1.8 for rata to man, 
used aarllar In this dlacuaaion to pradict carbon monoxlda VSDa for 
man. 

Appllcaclona of Riak Eatination for Conbuatlon Toxlcolc^y 

Eatlmacion of tha toxic hazard to nan of a lira acmosphara clearly 
Involvaa two aapacci; whtebar cha toxic axpoaure la aurvivable by vlr* 
Cue of bolng ascapabla, and whathar survtvora iuatain algnif leant 
tutrlethal Injury. 

Wlnalow (1981) hat diacufaad tha utility of the pola‘*jui^ reaponae 
as an index of psycnomotor function! Important for aurvlval in a fire 
atmosphare. The aatimatlon of VSDs for man baaed on loss of escape 
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0 ^ POOK QIMUTY 

btthAVlor in rod«nei» for indliridiMii oowlwoeioii eon^nonCi iuoh <• CQ» 

It on# Wily of Attottint tht poctnciol conic risk co our vivo I in 
conpltx firo atsotpHorAt. 

Qbvloutiy, lurvivol in firt otnoiphoro doot not iaply cMc no 
conic Injury it iutcninod. fron cho yrodtctod htnuin VSDi given in 
TnkU liU it it tpptrtnc Chit tC CO oxpoturtt noc oxptctod co tfftec 
ticapt ctpnbility, tignifietnc etUuitr injury, notturod by coUultr 
•ntynt rtiotto, and ttrly ptychoaocor duingtt nty occur. Whochor the 
early payenoaocor cnai^aa obaerved In nice would aanifeat Cheaaelvea 
in hunana aa qualicacively aquivalanc behavioral raaponaaa la lapoa- 
aibla CO dectnaina. Alao, the raltvanca of theaa reaponaea, (cellular 
enayaa ralaaaa and inieial behavioral ehangaa) with raapacc to whether 
they repreaent aignificanti irreparable Injury, la an area for further 
inveatigatlon. 

Clearly, riak eatiaation la an ongoing proceaa. Aa further Infor* 
iDution about Che tonic aode of action of acute CQ In huaana or higher 
manauilo becoaea available, riak eatiaatea auat be aodtfied and continu* 
ally flue-tuned, Until auch Inforaatlon becoaea available, prediction! 
of potential tonic haaard for man neceaaariiy involve aome atauapciom 
about the equivalence of conic reaponaea betweeen maamailan spec tee, 
tiiat nay later prove invalid. 
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COWCUHtOM 

quantAl <ldi«-r«#oii«t iIaU for tlio oouto c^ic ofltcet ^ eirbon 
•onoxldt, obtilnod fro« • bthavloril otioy in mlf (Wlotlow, Wll) ond 
from i phyiiologlcnl OMoy In r«ts» worn fletod to •«v#r4l thtorttlcal 
iiodol* currnntly •spioycd for rink fiClmitlon. ni' «xtr«polittioti of 
thooo nodoli CO low roiponoo cotoi (I in 10^) » ind tho ^plication 
of tncafiptcioi convacilon faecora, a virtoaily aafo doat of CO for 
aan for ■•vtral toxic andpelnta waa taciiMttd. obaarvaciont regard In* 
cna otlUty of tna rlak aatlaata approach for pradicUon of tht acuta 
toxic haxard of CO, ara eha following t 

1, Tha problt and WaiboU modala eonalatantly provided tha bott- 
tita to tha doaa-raaponaa data for CO. Tha pro bit atoUal la 
baaed on the aaauaptlon that a dlatrlbution of toxic threah- 
ulda exlata, while the Wtibull model will fit data with an 
apparent threahold. Since the acute affeeta of CO art noii- 
atochaatlc in nature, a chraahold would be expected. In 
general, the probit nodal provided note coneervatlve eatinataa 
of virtually aafe doaea than did tht Weibull, 

2. The one*«nit model provided an extremely poor approxinatlon of 
the doae-teaponae data for CO. The nodal la nueh too conaor- 
vatlve U.«. » 1*^ approachaa *ero reaponaa coo alowlv) to bo ot 
use for the prediction of reliable rlak aatinatea for CO in 
nan. 
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1. Vm li«hdvloral and plnraioloiieal andpoinaa aeillaad in eha 
rodani aaaaya rapraaane a apaaertMi of eoxle aanalcivUiaa. 

Tha WiiM aaciaaead on tlia l»asia of f.im— raapoiMaa raflaci 
ihit. Callular Injury and aodarata iMitaaloral ohantaa say 
oeeur at virtually aa£a lavala datamtnad for aaeafia 
eapuniUty. 

4. iy coapariaon tfitb availabla data on huaan raaponaaa to CO at 

eooeantrationa a<|utvalant to thoaa uaad in tha rodant eaaca, 

it appaara that avan tha highaat pradletad VSO in this atudy 

haa baan raportad to produea only aarglnal chanta in a eoaplax 

paydiOBotof taak in aan. Tha pradictad VSDa howavar, nay not 

ba ovariy conaarvatlva In Light of tha fact that ttata of 

human iraaponaaa to CO wai*a ganerally conHiictad whlla aubjacts 

ara at mat. Whan aubjacta art actlvi* or atraaaed. aa was tho 

caaa for tha mica in tha bahaviorai .laaayi incraatiod i^taka of 

CO taaults In graatar axpraaalon of tha toxic atfocts of CO, 

SavaraX araaa for furthar invaatigatlon auggaat thamatlvaa to 

incraaaa tha raiiability of tha ritk aatinate proeaduro aa it has bean 

aaployad in thia tha ala. Thaaa Includa the foXLoving: 

1. Taatlng of tha acuta affacta of CO at tlRillar axpoaura concan** 

tratlona and durationa in othar nanmalian anitiiai apacUa for 

raaponaaa that ara <|ualitatlvaly aquivalant to tha bahaviorai 

and phytiologicaX andpolnta naaaurad In thaaa atudlaa. Coitf i- 

dance in intaraptciaa axtrapolatlons of toxicity la incceoHed 

whan data from mora than ona apaclaa art avallabJIa for comparl- 

0 3 

aon of tha way In which tha mean spaciea Cf ‘ associated 
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wlcti • loxie rtmoQM* ftlattc eo tudi iwrlaM*t $m,a aa almica 
veluaa, aloa4 voliMia, and Mf walghet m io^ (lli2) haa 4a(M 
/or NO2. 

tfivaieigation In aaisala ol tim altnificafiet ei eha aal^tad 
toxic •ndpoiotti particularly eallular aniyM ralaaM; do th«y 
rapraaant laatim alttrationa in atruetura or fttfirtloa» and if 
noct at tfhat Itvtl do ttiay baeoMa ilgnificantf U ia apparant 
froB tha graded doaa*raaponaa anayiM data in racti that 
incraaaitv lavala of thaaa anayaaa ara obaarvad aa carbon 
tionoAida ineraaaaa to larali wbara aignificanc coat* 

proBlaa of physiological function and death laay occurs 
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Quanta I 0oaa«>Saapoiiaa Data 

Carbcm Monoxlda CT®*^ 

(ppw-iiin) 

iOOO 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

3800 

4000 


Initial iahavieral Chang* . 

-Pyohnhility ot gaanona* 

0.0000 

0.038S 

0.0385 

0.0385 

0.1928 

0.230P 

0.3077 

0.5000 

0.6154 

0.7308 

0.8462 

0.8462 

0.8846 

0.9615 

0.9615 

0.9615 


4200 


1 . 0000 
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APPtHDlX 2 

Probit tint Antlytit^ of InUitl Ithtvioral Chtfigt Data 


tog Dust 
(X) 

Fjupirical 

Problt^ 

Expect ad 
Problt 

Corrtcted 
Problt 
- (y) 

Weight 

<w) 

3,000 


1.912 

1.613 

0.286 

3.079 

3.238 

2.554 

4.173 

1.456 

3.146 

3.238 

3.098 

3.260 

4.004 

3.204 

3.238 

3.570 

3.311 

7.592 

3.255 

4.130 

3.984 

4.142 

11.232 

3.301 

4.264 

4,358 

4.268 

14.222 

3.342 

4.499 

4.691 

4.505 

15,990 

3.380 

5.000 

5.000 

5.001 

16.56? 

3.415 

5.292 

5.284 

5.292 

16.068 

3.447 

5.616 

5.544 

5.614 

14.872 

3.477 

6.019 

5.788 

5.U98 

13.156 

3.505 

6.019 

6.015 

6.01‘) 

11.232 

3.531 

6.200 

6.226 

6.199 

“.360 

3.556 

6.774 

6,430 

6.6nft 

7.592 

3.380 

6.774 

6*625 

6.75? 

5.U'i4 

3.602 

6.774 

6.803 

6.774 

. 4,680 

3.623 


6,974 

7,396 

3.588 


Method described by Bliss (1938) 
Obtained from Finney (1952) 
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0on«tnntK Ci)e)pitt L*d I rap daCii: 
£ w •• 15?,a46 
£ WK • «7.t»^4 
S wy • «.>»>. H2 
X « J .406 

V « 

[vrx* I • .*.340 
|wxv’ * I**. 143 
\> * aa*»3 
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OlfKIfPlAi 

OP mxm QUAinv 


rrob<ihUltl«a of Xtspotiie from Ono-ltit MoUtfl 
FUtiKl ti» InilUi BahavlorAl Change Data 


Carbon Munoxida 
( yp m ffltn) 

um 

\ 'cti 
ImO*' 


Expect <k I Pto b^bll tt y of^ 

0. 

O.A’H 


I OCO 
I a CO 
^000 
ccoo 

*'nU' 

*ov'0 

:aoo 

HUH) 


0 , A I i l» 
0.451 H 
0,486'» 
O,5*'0O 
C.5M0 

o.oon 

0, hU'h 


KiH\ 

u.co 

iaoc 

4000 

mCCO 


0, o5ol 
o,o?a V 

o.Tias 

0.73h? 

0.753? 
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Exptcced ProbabllltlM of inaponsft from Probit Model 
Pitted to Initial Bahavioral Changa Data 


Carbon Honoxida 



lOOO 

0,001 

1200 

0,008 

1400 

0.031 

1600 

0.082 

1800 

0.164 

2000 

0.273 

2200 

0.394 

2400 

0.516 

2600 

0.628 

2800 

0.721 


0,797 

3200 

0.855 

:uoo 

0.8^8 

3600 

0.930 

3800 

0.957 

4000 

0.968 


4200 


0,978 
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AFPOIDIX 5 


Exptetid PcobabiliCitt ,of Eatponsa from Waibull Ho4al 
Fli^fiad CO Initial Bahavioral Changa Oata 


Carbon Monoxida CT®*^ 

(DDfli«»win) Expaotad Probability of Eaaponaa 


1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

3800 

4000 

4200 


0.0059 
0.0172 
0.0388 
0.0756 
0.1332 
0.2158 
0.3246 
0.4549 
0.5958 
0.7308 
0.8432 
0.9225 
0,9686 
0 9900 
0.9976 
0.9996 
1.0000 
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i^uiintnl DosooRtaponat D«t« } Laaa of Kaca^a 


Carbon HonoxiJa CT^*^ 


VPP»‘«in) 

Probability < 

IbOO 

0.0000 

IHiHl 

0,0/hU 


0,1 

J200 

O.iUM^ 

:^i)0 

o.iu;? 

JPOO 

0.34b^ 

*'800 

0. *»tnni 

VOOO 

o.oiiib 

UvH^ 

0. hx'i: 

v*oo 


xh{\i\ 

0,4JU 

UHOt^ 

0 . 4h 1 S 

.:t000 

t^.OhlS 

•4^00 

5 , OOi'O 


Reapunat 
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I 

l^rahit tintf AitdlyaU of tot* of Kse«po D«r« 


log tk»tO 
(x> 

l*48piric4l 

Expocfcod 

ProbU 

Cor roc tod 
Probit 
iy3 

W'ot$bt 

lw3 


- 


2.190 

1.450 



3.079 

3.a?b 

3,893 

.i.jtn 

3,‘ia! 

3,557 

4.U3 

7.510 

l.?4^ 

i Jl 

3.4H*' 

4 . 30b 

11,22? 

3»380 

4 ,449 

4 , 37b 

4,503 

U.3b9 

3 • *4 i J 

4 , b04 

*♦.'*40 

4 , bO ? 

Ib.Ub 

3.A4? 

**.000 

5.072 

5.000 

lb. 510 

i,47r 

S.34b 

5,3«3 

5.34b 

15.b94 

».50n 

5. Mb 

5,b73 

5,73* 

14.02? 

3.5.U 

b.OH 

5,443 

b.Olb 

U.915 



b,203 

b.3a’ 

4,b2a 

i.580 

b, .‘ iH 

b»4**2 

b, *04 

? , 424 

J t bO* 

(u'r4 

b, bbO 

b.7b{. 


Kb.'l 


b.a^H 

7.138 

h.014 

^MiitUthi vlo»t' 

riboa by BU*s# 

U4ia\ 
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Con«t«nt» ccmpuccKl from the 4«tA: 
£ w « 139.352 
E w* • 481.382 
£ wy • 734.347 
X - 3.454 
y - 5.270 
[wx^l • 1.2S0 
Iwxyi • 12.108 
b « 9,681 
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Anmix $ „ 

ExpMCid ProbAbilUiM of HotpoRM (torn Outfit Modoi 
Pit Cod to toM of ioeopo Do to 


Carbon Honoxido CT 
tejffry.fp? 


D.3 


jycQ-OCtM ProMbllity o f looponio 


1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

3800 

4000 

4200 


0.3780 

0.4139 

0.4477 

0.4795 

0.5095 

0.5378 

0.5644 

0.5895 

0.6132 

0.0355 

0.6565 

0.6763 

0.6949 

0,7125 
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Exp«et«d frobsbiUtiti of ftotfociti ftcn fvobtt Modol 
Pieeod eo tooi of Itoopt Dito 

Carbon Keaoxida CT^*^ 


(owi-ain) 

Ixoaread Probability R«»t>on«a 

1600 

0.016 

1800 

0.048 

2000 

0.U2 

2200 

0.207 

2400 

0.326 

2600 

0.456 

2800 

0.579 

3000 

0.687 

3200 

0.776 

3400 

0.844 

3600 

0.895 

3800 

0.931 

4000 

0.955 

4200 

0.971 
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Ex(><sctt(i PrpbxblliCici of Xoopotuio froM tipitiull >M1«1 
FiCft4 to U»t» of Eicapo Dotii 

Carbon Honoxi4« 
(otMi-HBin) 

txpoceod Probobtiity of Roopotifo 

1600 

0.0363 

1800 

(.0706 

ZOOO 

0.1215 

2200 

0.1920 

2400 

0.2834 

260C 

0.3‘J35 

2800 

0,5164 

JOOO 

0.6420 

1200 

O.75H0 

3400 

0.8535 

3600 

0.4222 

3800 

0.9647 

4000 

0.9867 


A 200 
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Arrmix u 

Expected ProbAHUtitt of Rooponto ttm OAO*Sie Hoditl 
Piieod £0 UW $mm Rotyoo Oo£« 

Corbmi Monoxldt CT^*^ 


ipmrmis^} iRPic tM, Prol^billiif, of JlyjgeiiKt 

2*95 X 10 ^ OMl 

6.42 X 10 ^ 0.770 

10,31 X 10 ^ 0.905 

X 2.46 X 10 ^ 


0.942 
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U 5 


Cx|>«ec*d Prob«t»iUti<i« ot (rm Probit Mod«l 

fiecid CO ttrtm Iniya* fkkto 


Carbon Monoxldt CT^’^ 

- 

2.95 * 10^ 

6.42 X 20^ 

10.31 X 10^ 

12.46 X 10^ 


Ixpf ttd ftobobilitif of Raaponia 

0.257 

0.729 

0.91S 


0.954 
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atphidix 13 


£xp«et*d FrobAbilleict of Rtsponoo froH U«ilMtU Hodol 
Ficeod Co LDK Sonm EnxyMo Dxto 



2.95 X 

10^ 

0,2784 

6.42 X 

10^ 

0. 6949 

10.31 X 

10^ 

0.9224 

12.46 X 

10^ 

0.9688 
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AfFENDZX U 

Expftct«d PeobabilitiM of Hotpono* froii Ono-Hie Hodtl 
Fietod to HBDH Sorun EntyiiO Dots 


0 3 

Cot bon Honoxidt CT * 

{muMl 

2.95 X 10^ 

6.42 X 10^ 

10.31 X 10^ 

12.46 X 10^ 


Exptcttd Probxbllltv of Rotponst 

0.491 

0.770 

0.905 


0.942 
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Exp*?ctml ProbAbilitXtt of Soiponso from Problt Hodol 
Pitctd to HBSH Struxi Etixyn* Dtta 


Carbon Monoxidt Ct^*^ 
(pp»"«tn> 

2.95 X 10^ 
b.42 X 10^ 

10. n A 10^ 

12.4(1 X 10^ 


Bxpoctad Probability of Ratponto 

C,2b3 

0.M15 

0.995 

0.999 
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Amroix u 

Ex|)«c€Mi rrol»iibiliti*i of Kati^ons* Iron Modiil 

FUctd 10 MitHI ftrtMi iteiynt INico 

Carbon Honoatdo CT®*^ 
tpow-mtn) 

txnoctMl FrobabUlty of Roxponx* 

2 , 9 % X 10^ 

0.27J0 

6.42 X 10^ 

O.’JCUb 

10.31 X 10^ 


U.4fe X 10^ 

j.oooo 



OiWHW. WffliJ 

or IKK» WMfi 


150 


AmnDxx i? 

Prablt Lin* of IM Sorun Knaywt D«t« 


Lo| Doio 
(x) 

iMfktrieal 

Ffoblt^ 

Ixpoctoil 

Probtt 

CorrtetoX 

frabit 

(y) 

5,4?0 

4,396 

4,391 

4.19? 


5,524 

5,526 

5,524 

4,0U 

b,5P;‘ 

6.216 

6,2?4 

4,09^ 


6,492 

7,016 

Camiuiu« 

yoMputotl frcMt tho u4tat 



1* w • X ? * O'ift 
X vm * 
r wy •• 92* 

i • 

y •• >»9,‘2 

[VK*] • 

[wxy] *• 
h * 3,73a 

.., ^ ^ - ,|f^, , |., I _ ^ ^ i. i ...ii u;--.i. ■;. - 

dv^cxiM by Hi«« (19Jav 

Ubt«lnt»vi frc^m Fimiity U9b2) 


Wotght 

(w) 

b.lWI 

5*741 

3,bM 



121 


omam. * 

OF POOR QUALITY 


APPtNDXX le 


Probic Lin* Analyai* of HB0K Sorinii Encym* 


Log Doss 
(x) 

Eaplrical 

Problfc^ 

Expoctsd 

Probit 

Corrected 

Probit 

(y) 

Weight 

<w) 

3.470 

4.396 

4.396 

4.396 

6.137 

3.808 

6.282 

6.282 

6.281 

3.428 

4.013 

m 

7.425 

7.792 

0.581 

4,096 

m 

7.688 

8.204 

0.117 


Conaeantt computed from th* d«t«i 
r w - 10,263 
£ wx * 37.162 
E wy • 54.002 
X • 3 . 621 
y ■ 5. 262 
jjfw**] * 0,367 
[wxyj ■ 2,182 
b * 5,946 

^Method d«sctib«d by Bliss (1938) 
2 

Obtainad from Finney (1952) 
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